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Abstract 
This thesis is concerned with an investigation of the thermodynamic parameters of 
complexation of calix[4]resorcarene and calix[4]arene with metal cations and with 
anions, aiming at the removal of polluting ions from contaminated sources (such as the 
re-use of processed water) and for the extraction of heavy metals from aqueous solutions. 
Synthesis of 5, 11, 17, 23 ethylthiomethylated calix[4]resorcarene (L2), 5, 17 
ethylthiomethylated calix[ 4 ]resorcarene (L3) and 25, 27 -bis[N-(2-hydroxy-1, 1 bis-
hydroxymethyl-ethyl)aminocarbonylmethoxy] calix[ 4]arene-26, 28-diol (L4) and their 
characterisation by different techniques such as NMR and elemental analysis was 
accomplished. 
Partition experiments were carried out to determine that L2 and L3 are predominantly in 
their monomeric state in the solvents in interest. 
NMR technique was used for the characterisation of the ligands based on calixarene and 
resorcarene and for the investigation of the active site of complexation between the 
ligand and metal cations or anions in different solvents at 298 K. From the 1H NMR in 
MeCN, it can be inferred that the resorcarene ligand (L2) is interacting with Hg2+, 
Pb2+ and Ag + while L3 showed interaction with Hg2+. In MeOH, both L2 and L3 showed 
interaction with Hg2+ and Ag+. As far as L4 is concerned, it was inferred that L4 interacts 
with alkaline-earth metal cations, Zn2+ and Pb2+ between the cations and with fluoride 
and dihydrogen phosphate in acetonitrile. 
Conductometric titrations in solution were carried out to determine the composition of the 
chemical species formed. 
Thermodynamic parameters of complexation of L2 and L3 with the appropriate cations 
reveal that L2 is selective for Ag+ and L3 possesses high stability with Hg2+. X-ray 
crystallography of the L2-Hg2+ complex reflects the decomposition of the ligand and the 
formation of polymers containing mercury and sulphur chains. Thermodynamic 
----- - ---- ----
parameters of complexation of L4 with metal cations and anions of interest reveal the 
following selectivity trends at 298.15 K. 
Finally, conclusions and suggestions for further work in the area are given. 
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Chapte1·l Introduction 
"In the beginning was the Big Bang, and physics reigned. Then chemistry came along 
at milde1· temperatures; particles formed atoms; these united to give more and more 
complex molecules, which in turn associated into organized aggregates and 
membranes, defining primitive cells out of which life emerged" 
Jean-Marie Lehn1 
1. Introduction 
From divided to condensed, organized, living, and up to thinking matter, the Universe has 
evolved towards a progressive complexification of matter, through a process of self-
organisation2 under the pressure of information. 
How matter is becoming and has become complex is the most fundamental question 
raised in Science. How and why the evolution of the Universe has given rise to an 
organism capable of asking this very question and of generating the means to answer it by 
creating Science2. 
Self-organisation of the Universe results from the operation of gravitational forces on 
initial inhomogeneities in density or in the expansion rate at very early times3• 
Self-organisation of molecular matter, non living and living, may be considered to result 
from electromagnetic forces generating and operating on an infinite diversity of possible 
structural combinations. 
Cosmic self-organisation is thus due to gravitation, and molecular self-organisation to 
electromagnetic interaction (Fig. 1.1). 
Chemistry involves the structure and transformation of matter and as such has a major 
role to play in this context. It is the core of the biological world which is the highest level 
of complex known. 
Prior to biological evolution, spontaneous chemical evolution took place, operating on the 
selection of molecular structural diversity through the implementation of molecular 
information carried by electromagnetic interactions. Intermolecular forces for thy 
generation of informed supramolecular systems and processes are involved in the 
complexity of complex molecules. 
Chapter 1 Introduction 
0 Through 
Fig. 1.1 Self-Organisation at Universal and molecular levels2•4• 
1.1. Molecular to Supramolecular Chemistry 
Over the last 150 years, on the basis of Molecular Chemistry very powerful procedures 
have been developed for making or breaking covalent bonds between atoms in a 
controlled and precise fashion and the building up of more sophisticated novel molecules 
and materials has been implemented. These present a range of original properties of 
broad interest for basic and applied Science. 
Lehn stated in his Nobel lecture5 in 1987 that unlike Molecular Chemistry, 
Supratnolecular Chemistry is "the chemistry of the intermolecular bond, being concerned 
with the structures and functions of the chemical species of greater complexity than the 
molecules themselves "1 (Fig. 1.2). Covalent interactions between starting materials such 
as A, B, C and D lead to the formation of molecules (receptor and substrate). Selective 
2 
ＭＭＭＭＭＭＭＭＭＺＭＭＭＺＭＭｾＮＮＮＮＬＮＮＮＮＬＮＮｾＭＭ］ＬＮＭＭＭＬＮＮＮＮＮＮＬＮＮＮＭＭＭＭＭＭ ｾ＠ -- -- - - - - --
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binding (involving a molecular recognition process) of a substrate with the receptor leads 
to a supermolecule. Intermolecular interactions (electrostatic forces, hydrogen bonding, 
van der Waals forces ... etc) may hold substrate and receptor together. In cases where the 
molecular receptor has appropriate reactive groups as well as binding sites it may react 
with the substrate (transformation process) after binding with it, thus behaving as a 
supramolecular reagent or catalyst. If the receptor is membrane soluble it may act as a 
carrier molecule facilitating the transfer of a substrate across the membrane (transport 
process). Thus, molecular recognition, transformation and transport represent the three 
basic features of Supramolecular Chemistry. 
Fig. 1.2 
Synthesis 
Covalent 
bonds 
Receptor l 
Substrate 
'--.. Interaction 
Intermolecular 
bonds 
Recognition Translocation 
\.. Transformation ) y 
D 
Molecular and 
Supramolecular 
Devices 
From Molecular to Supramolecular Chemistry: Molecules, Supermolecules, 
Molecular and Supramolecular Devices1• 
3 
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The foundations of Supramolecular Chemistry rely on three fundamental concepts. It 
started with Paul Ehrlich in 1906 who recognized that molecules do not have an effect if 
they do not interact and thus introduced the concept of receptor6• But binding must be 
selective, a notion that Emil Fischer7 enunciated in 1894. He presented it in his celebrated 
"lock and key" image of steric fit (Fig. 1.3), implying geometrical complementarity and 
illustrating that an effective complexation can only occur when the shapes and 
arrangements of binding sites fit each other. Therefore it lays the basis of molecular 
recognition. Host-guest systems were also defined by Donald Cram (who also won the 
Nobel Prize in 1987 shared by Lehn and Pederson5•8) as, "complexes that are composed 
of two or more molecules or ions held together in a unique structural relationship by 
intermolecular forces " 
Alfred Werner9 introduced the idea that selective fixation requires interaction and affinity 
between partners and he related it to the idea of coordination. Supramolecular Chemistry 
in this respect is a generalization of coordination chemistry which also led to the basis of 
host-guest chemistry. 
Host Guest Host-Guest complex 
Fig. 1.3 Receptor, coordination and lock and key analogy 
The study of the interactions that can occur within a host-guest system is of extreme 
importance in the understanding of their chemical and biological behaviour. The forces 
that hold host-guest complexes are non-covalent interactions. The simultaneous binding 
is essential for a strong host-guest interaction, because although non-covalent forces are 
typically weak, when they combine, a strong complexation can be achieved. 
4 
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Developments in Supramolecular Chemistry have been driven by the increased 
availability of suitable macrocyclic receptors. Each time a class of macrocyclic receptor 
with a unique shape, distinct architecture and a set of functional groups from natural or 
synthetic sources, became widely available, supramolecular chemists were inspired to 
devise and synthesise novel sophisticated receptors and molecular devices. 
1.2. Classification of macrocyclic ligands 
In recent years, a considerable number of new macrocyclic ligands have been prepared. 
These can be discussed under two main categories 10, the naturally occurring and the 
synthetic macrocycles. 
1.2.1. Naturally occurring macrocycles 
Under this heading, considerable number of macrocycles can be considered such as 
Valinomycin, Nigericin. Cyclodextrins (CDs) are given in this Section as representative 
examples of naturally occurring macrocycles. These are produced by the action of 
cyclomaltodextrin glucanotransferase on starch. 
They were the first receptor molecules whose 
binding properties towards organic molecules 
were recognized and extensively investigated II. 
The main cyclic products are a - CD ( 6 
glucose units), f3- CD (7 glucose units) and 
y- CD (8 glucose units) (Fig. 1.4). They 
possess important applications in the area of 
agriculture, food and pharmacologyi2•13 due to 
their low degree of toxicity. They are cyclic 
oligomers of a.-1, 4 linked D-glucopyranosei4• 
The main feature of CDs is the ｰｲｾｳ･ｮ｣･＠ of a 
hydrophobic cavity. These macrocycles are 
generally described as truncated cones as shown in Fig. 1.5 where the OH groups are 
Fig. 1.4 Structure of p -
Cyclodextrin 
disposed outside. The "top" side has six (a), seven ( f3) and eight ( y - cyclodextrin) 
5 
. ,,· ｾ＠ .. -,. 
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primary hydroxyl groups and the slightly wider "bottom" side is covered by the twelve 
(a ), fourteen ( fi) and sixteen ( y - cyclodextrin) secondary hydroxyl groups. They 
are able to interact with a variety of ionic and molecular species and to form two types of 
cotnplexes with a large variety of guests. 
a) Inclusion or "axial" type complexes in which the cyclodextrin cavity hosts the guests 
and b) "equatorial" or lid type complexes in which host-guest interactions take place 
outside the cavity of the macrocycle15•16• 
Hydrophobic 
interior 
Secondary 
face 
Primary 
face 
Fig. 1.5 Cone shape of cyclodextrins 
1.2.2. Synthetic macrocycles 
A large variety of synthetic macrocycles has been synthesized in the past decades and the 
best known are shown in Fig. 1.6. Their complexation properties and the thermodynamics 
of complexation of these macrocycles with metal and organic cations were extensively 
studied in a wide range of solvents10•17-19• 
1.2.2.1. Tetraaza-macrocycles (eg. [14]aneN4) are planar compounds known to interact 
strongly with transition cations such as zinc, cobalt and nickel due to the ideal (planar) 
arrangement of the four nitrogen donor atoms. 
6 
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1.2.2.2. Crown ethers ( eg. 18-Crown-6) are known for their complexing ability with 
alkali and alkaline-earth metal cations20• They are extremely versatile complexing agents 
being also able to interact with amino acids through hydrogen bond formation. 
1.2.2.3. Cryptands ( eg. Cryptand 222), are bicyclic compounds containing a three 
dimensional cavity lined with oxygen and nitrogen donor atoms, the size of which is 
determined by the size of the bridges connecting the nitrogen atoms. Due to the presence 
of this intra1nolecular cavity, their complexes with cations are generally stronger than 
those of crown ethers. Complete encapsulation of the monovalent cation in this cavity is 
usually achieved21 • 
1.2.2.4. Spherands are macrocyclic compounds containing a structurally rigid 
octahedral cavity which is strongly selective for lithium but also able to complex with 
sodium. Spherands do not show any evidence of complexation with potassium or larger 
cations possibly due to the lack of flexibility of their intramolecular cavity. 
[14]aneN4 18-crown-6 Cryptand 222 Typical spherand 
Fig. 1.6 Structures of some synthetic macrocycles 
1.2.2.5. Calixarene and resorcarene macrocycles 
The work discussed in this research project involves the complexation of calixarene and 
mainly resorcarene derivatives with different cations and anions in different solvents. 
Therefore these macrocycles are discussed in detail in the next Section. 
7 
Chapter 1 Introduction 
1.3. History and nomenclature 
Calixarenes have a long history, stretching back to 1872 when Adolph von Baeyer 
reported reactions between phenols and aldehydes22•23 • Many of the products could not be 
identified at that time, and it took almost seventy years before Zinke and ｚｩ･ｧｬ･ｾ Ｔ • ＲＵ＠
assigned a cyclic tetrameric structure of the product (I) resulting from the base-induced 
condensation of p-tert-butylphenols with formaldehyde. Another class of cyclic tetramers 
(II), obtained from the acid-catalysed reaction of resorcinol with aldehydes, was 
identified by Neider! and Vogel in 1940 in the USA26• Their structure was established in 
1968 through X-ray crystallography27• 
R 
R R 
R 
Calix[4]arenes Resorcarenes 
(I) (II) 
Compounds of type (I) were termed calixarenes by C. D. Gutsche in 1978. The prefix 
"calix" means "beaker or bowl" (Fig. 1.7) in Greek and Latin respectively. This 
terminology was chosen to describe the conformation which the tetramer generally 
adopts28 • In colloquial usage it is called ''p-tert-butylcalix[ 4]arene" but its systematic 
name is 5, 11, 17, 23- tetra- tert-butylcalix[4]arene-25, 26, 27, 28- tetrol. 
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Fig. 1. 7 Schematic drawing showing 
Calix[ 4 ]arene shape 
Introduction 
Similarly, in colloquial usage, Gutsche and Bohmer attempted to classify compounds of 
type (II) as calixarenes by calling them calixresorcarenes29 or resorcinol-derived 
calix[4]arenes29•30• Totally different names such as Hogberg compounds31 , or simply 
octols32•33 also appeared in the literature. The systematic name34 for compound (II) (R is 
an alkyl group) is 2, 8, 14, 20-tetra-alkylpentacyclo[19.3.1.1 3•7.I 9•13,1 15•19]octacosa 1 (25), 
3, 5, 7 (26), 9, 11, 13 (27), 15, 17, 19 (28), 21, 23- dodecaene- 4, 6, 10, 12, 16, 18, 22, 
24- octol. 
Since the work involved in this thesis is related to calixarenes and resorcarenes in the 
next Section the chemistry of calixarenes is first discussed. Then an overview on 
resorcarenes is given. After discussing the synthesis and the conformational properties of 
these compounds, attention will be focused on their complexation properties. 
Calixarenes 
1.4. Synthesis of calixarenes 
Calixarenes are cyclic macrocycles prepared by the reaction between the p-tert-
butylphenol and formaldehyde in the presence of a base. The synthesis was first patented 
by chemists of the Petro lite Corporation35 at St. Louis and therefore it is referred to as the 
Petrolite Procedure. Again Gutsche introduced this macrocycle into the chemical 
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literature28• This compound was prepared from p-tert-butylphenol and para-
formaldehyde using NaOH (--10 mol·dm-3). Other bases such as KOH, RbOH, CsOH can 
be used and the results obtained are approximately the same as those found for NaOH. 
However, the use of LiOH leads to low yields. Other parent calix[n ]arenes (n = 5, 6, 7, 8) 
have also been synthesised36• Zinke and coworkers37 have assigned the materials resulting 
in treating different p-substituted phenols with aqueous formaldehyde and sodium 
hydroxide as tetrameric structures (Scheme 1 ). In fact, the reaction could result in 
macrocycles of different ring sizes ( 4 to 12), as demonstrated by Cornfort and 
coworkers38 and more recently by Gutsche and Muthukrishnam28 • Their investigations 
during the 1970s led to an efficient synthetic methodology allowing easy access to large 
quantities of p-tert-butylcalix[ n ]arenes36 in their pure state. 
OH 
OH 
Scheme 1 Synthesis of calix[n]arenes 
These investigations, as well as those by Hayes and Hunter39, Kammerer and 
coworkers40•41 initiated a number of studies dealing with the functionalisation and 
structural modification of calixarenes. Three main methods for the preparation of the 
calixarene starting material appear in the literature, the "Modified Zinke-Cornforth 
Procedure", the "Modified Petrolite Procedure" and the "Standard Petrolite Procedure". 
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The choice of the proper reaction conditions is relevant in the preparation of calixarenes 
of different sizes and in a pure state. The mechanism of formation of calixarenes is 
interesting although it is considered to be an incompletely solved problem. The initial 
step is the hydroxymethylation to form an o-hydroxymethylphenol (see Scheme 2) that is 
followed by an arylation which proceeds30 via an intermediate o-quinonemethide. 
Dehydration between pairs of hydroxymethyl compounds occurs in this latter phase to 
form dibenzyl ethers. Thus the mixture from which calixarenes arise contains 
diphenylmethane-type and dibenzyl ether-type compounds in various extents of 
oligomerisation. 
Q OH 
OH 
! 
R 
ｾｾｏｈ｟＠
Co oH ｾ＠ OH OH 
! 
R R R R 
--...... Linear oligomers 
0 0 OH OH 
Schemel Mechanism of formation of linear oligomers 
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Gutsche and coworkers42 suggested a speculative pathway about the way in which the 
components of the mixture can be transformed to a cyclic oligomer, based on hydrogen 
bonding considerations and oligomer interconversion reactions. These workers postulated 
that the linear tetramer (which Paulus and Bohmer43 have shown to exist in a zigzag 
conformation in the solid state) forms an intermolecular hydrogen bonded dimer called 
the "hemicalix[8]arene43 • Thus the combination of inter- and intramolecular hydrogen 
bonds leads to a cyclic array very similar to that known to exist in calix[8]arenes in the 
solid state43 • It was shown that this cyclic octamer is converted into a pair of cyclic 
tetramers (see Scheme 3) under these reaction conditions. 
A disadvantage about the synthesis of calixarenes is the long reaction sequence. Although 
the yield of each step is relatively high (45% - 96%), the whole synthesis leads to low 
yields. 
R 
Scheme3 Conversion of calix[8]arene to calix[4]arene (Molecular mitosis) 43 
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1.5. Conformation of calixarenes 
X -ray crystallographic studies have provided information about the structure of 
calixarenes in the solid state, while NMR spectroscopy have been used to assess the 
structural properties of these compounds in solution44• It is now established that in the 
solid state, the "cone" conformation is exclusively observed for calix[4]arene with free 
OH-groups. In solution, Cornforth and coworkers45 have shown that the cyclic tetramer 
can take four different conformations with the different aryl groups projecting upwards or 
downwards relative to an average plane defined by the bridging methylene groups as 
illustrated in Fig. 1.8. 
Gutsche28 has introduced the terminology 'cone', 'partial cone', '1-2 alternate' and '1-3 
alten1ate' to indicate their conformations. However due to strong intramolecular 
hydrogen bonding, p-tert-butylcalix[4]arene exists almost entirely as the 'cone' 
conformer. 
Fig. 1.8 
(A) 
(C) (D) 
Up and down schematic drawing of the four conformations ofp-tert- . 
butylcalix[4]arene: (A) cone, (B) partial cone, (C) 1,3- alternate, (D) 1,2-
alternate 45• 
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With increasing the number of phenolic units in the structure of calixarenes, the 
flexibility and variety of possible conformations escalate considerably. Additional 
orientations can be present and this is accompanied by a loss of the 'cone' conformation. 
Thus calix[S]arenes can assume four 'up/down' conformations (the same number as 
calix[ 4 ]arenes ), calix[ 6]arenes and calix[8]arenes can adopt eight and sixteen 
conformations29 respectively. By the appropriate functionalisation of the system, 
conformational mobility can be curtailed, freezing the molecule into one or more of the 
available conformations46A7• 
1.6. Functionalisation of calixarenes 
Parent calixarenes in the "cone" conformation are characterised by a "lower" and an 
"upper" rim. The former rim contains hydroxyl groups while tert-butyl groups are found 
in the upper rim creating a hydrophobic cavity. 
The lower rim of calixarenes is already functionalized with hydroxyl groups which 
provide excellent sites for the introduction of other moieties. In most cases; as illustrated 
in Fig. 1.9, the coordination chetnistry of calixarenes results from the presence of 
functional groups arranged around the calixarene periphery. These are attached either to 
the phenolic oxygen atoms in the lower rim or to the carbon atoms in the para position of 
the aromatic ring located in the upper rim. 
Fig. 1.9 
Upper rim 
Lower rim 
Schematic drawing showing the main positions for the derivatisation of 
calix[ 4 ]arenes. 
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1.6.1. Lower rim functionalisation 
Many publications have been devoted to the functionalisation of the phenolic groups of 
calixarenes48•49•50• This is often achieved by direct acylation of the phenol groups or by 
performing a Williamson-type alkylation51 allowing the straightforward introduction of 
different functional groups. Thus 2-chloromethylethylsulfide, ethyl bromoacetate, 2-
chloromethylthiophene, diethylaminoethyl chloride hydrochloride, 2-
diisopropylaminoethylchloride hydrochloride, 4-(2-chloroethyl)morpholine 
hydrochloride, 1-(2-chloroethyl)piperidine hydrochloride, 2-N,N-diisopropy-lacetamide 
chloride were introduced by Danil de Namor and coworkers in recent years49"53 • The 
general reaction is shown in Scheme 4. If partially functionalised calix[ 4 ]arenes are 
needed, both the degree of alkylation and the sites to be modified need to be controlled. 
This can be done by using carefully selected reaction conditions52•54 such as the use of an 
optimum base - solvent couple and the control of the stoichiometry52 • Alternatively, it 
may be advantageous in some cases to introduce easily removable protective groups such 
as methyl or benzyl groups55• Once these groups have been attached to the macrocycle, 
further functional groups can be introduced at the remaining non-functionalised OH 
groups and then deprotection can yield the selectively functionalized ligand. 
Scheme 4 
X = Leaving group: Br, Cl... 
R1= OHorOR 
R2= OorS 
Synthesis of lower rim functionalised calix[ 4]arenes 
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1.6.2. Upper rim functionalisation 
The methodology for the functionalisation of p-tert-butylphenol-derived calixarenes in 
the para positions starts by the de-alkylation of the tert-butyl groups which can be 
removed from the aromatic ring by the action of AlCh in the presence of an acceptor 
solvent such as toluene or A1Cl3-phenol as the catalyst56-58 • The easy removal of the tert-
butyl groups is a fortunate circumstance for calixarene chemistry as it makes possible a 
variety of reactions for the introduction of functional groups on the "upper rim". Through 
electrophilic substitution, the H-atoms in the para position can be selectively or totally 
replaced by groups, such as nitro, chloro, bromo ... etc, which are able· to give by 
themselves access to interesting functionalized products. Another method involves the 
transfer of an 0-bound allyl group to the para position by the Claisen rearrangement59• 
The para- sited allyl group can be chemically modified in return to afford more 
interesting functionalized compounds. There are also methods which involve the 
introduction of a chloromethyl group60 or the transformation of the phenol-derived 
calixarenes into a Mannich base61 •62 • These reactions result in the formation of a ｶ｡ｲｾ･ｴｹ＠
of potential ligands. 
1. 7. Interaction of calixarene with ionic species 
On the thermodynamics of calixarene chemistry, Danil de Namor and coworkers63 have 
discussed the complexation of calixarenes and their derivatives with ionic and neutral 
species in several organic media and the factors involved in the complexation processes. 
Part of the work discussed in this thesis is concerned with an amide derivative and its 
complexation with anions and metal cations. Therefore an introduction on amide 
calixarene derivatives is given in this Section. 
A distinctive property of calixarene derivatives, particularly those derived from the cyclic 
tetramer in its "cone" conformation is the presence of two cavities, one of which is 
hydrophobic and the other hydrophilic. Therefore, derivatives of the cyclic tetramer are 
16 
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known to interact with neutral species through the hydrophobic cavity and with ionic 
species through the hydrophilic cavity63 • 
Many calixarene amide derivatives have been reported in the literature with an 
investigation of their complexation thermodynamic parameters. Chang and Cho64 
conducted a study of three secondary amides and found very low efficiencies for Na+, K+ 
and Cs +. Arnaud-Neu and coworkers65•66 have studied the complexation of a tertiary 
amide calixarene and have found that ligands la -li are selective for Na + and based on 
extraction studies it was concluded that these are very efficient for the transport of this 
cation from water to non aqueous media. They reported the thermodynamic parameters of 
calixarenes la and 1 b with alkali and alkaline-earth metal cations in methanol and in 
acetonitrile at 298.15 K. These results65•66 are summarised in Tables 1.1 a,nd 1.2 
respectively. These were further discussed by Danil de Namor and coworkers63 • The 
latter authors stated that la possesses more negative complexation enthalpies for the · 
alkali metal cations in acetonitrile compared to methanol. They pointed out that the 
relevant parameters to consider in the interpretation of complexation thermodynamic data 
in different media are the transfer thermodynamics of these cations, the free and complex 
ligand from acetonitrile to methanol. These data provide information regarding the 
difference in solvation of reactants and the product in these two solvents. It was generally 
concluded that the complexation process for amide derivatives and alkali-metal cations 
are all enthalpically controlled except for Li+ in methanol. All stability constant (ligand 
la-lb) data reflect that more stable complexes are formed in acetonitrile than in 
methanol. The thermodynamic parameters of the de-tert-butylated diethyl amide were 
also investigated. The results were compared67 to those for the tert-butyl diethyl amide. 
The outcome of these investigations show that in methanol at 298.15 K p-tert-butyl 
diethyl amide, la, presents more affinity for alkali and alkaline-earth metal cations than 
the de-tert-butylated diethyl amide calix[ 4 ]arene. 
17 
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1 
R1 = CH2CONEt2 (a) CH2CON(CH2Ph)2 (i) 
CH2co-N() 
CH2CONH2 0) (b) 
CH2CON(iPr)2 (k) 
CH2CON(Bu)2 (c) CH2CSNEt2 (1) 
CH2CON(Pentyl)2 (d) CH2Cs-N:::::] (m) 
CH2CON(Hexyl)2 (e) 
CH2CON(Octyl)2 (f) CH2PO(Ph)2 (n) 
CH2CON(CHCH2) 2 (g) CH2CONHCH2Py (o) 
CH2CON(CCH)2 (h) CH2CONHCH2C6H5 (p) 
Ligand lk prepared by Danil de Namor and coworkers68 is able to complex lanthanide 
cations in nonaqueous media. This ligand gave rise to 1: 1 complexes with yttrium, 
lanthanum, europium and lutetium in acetonitrile. These authors discussed recently69 the 
medium effect on the complexation process. They showed that la is selective for trivalent 
cations in acetonitrile and also in DMF at 298.15 K. They also demonstrated that the 
nature of the alkyl groups attached to the amide nitrogens and the solvent has an 
important effect on complex stability, this discussion was based on comparative studies 
involving ligands la and lk. 
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Beer and coworkers 70 reported the synthesis of the tetraamide la in the 1, 3 alternate 
conformation for the first time. They stated that this molecule forms 2:1 complexes with 
the potassium cation while the related diamide calix[ 4 ]arene forms 1: 1 complexes with 
this cation. In later studies, transition metal complexes of la in the "cone" conformation 
have been synthesised for the first time71 • X-ray structure determinations on complexes of 
Fe2+, Ne+, Cu2+ and Zn2+ as well as Pb2+ with la have been carried out. These studies 
show that the stoichiometry of the process for each case is [ML][Cl04]2.nMeCN (n = 4-
6). They also reported72 the synthesis of the calixarene tetramide la in the partial "cone" 
conformation and its lanthanum complex Ｈｰｩ｣ｲｾｴ･＠ as counter-ion). 
Furthermore, Ogden and coworkers 73 reported the synthesis of la and the tri diethyl 
amide calix[ 4 ]arenes complex with iron (III). 
Different methods were reported describing the synthesis of calixarene am ides 74•75•76• 
Thioamide calix[4]arene ligands such as 11 and lm were also synthesised by Amaud-Neu 
and coworkers 77• These authors show that unlike their calixarene amide derivatives, these 
thioamides do not extract alkali or alkaline-earth metals in the water-dichloromethane 
solvent system. However Cu2+, Pb2+ and Ag+ were extracted efficiently. The switch from 
a preference for alkali and alkaline-earth metal cations to a preference for heavy and 
transition tnetal cations is consistent with the change from a ligand containing hard 
oxygen-based binding groups to one with softer sulphur-donor atoms. This demonstrates 
the versatility of calixarenes as selective cation binders in that a very wide range of 
complexing ability can be achieved and modulated with a simple chemical modification. 
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Table 1.1 Thermodynamic parameters of complexation of alkali metal cations with 
the tetraamide 1a in methanol and acetonitrile at 298.15 K65,66• 
1a log Ks l:icG
0 l:icH0 l:icS0 
(kJ mort) (kJ mort} (J mort K-1) 
Methanol 
Li+ 4.1 -22.2 -7 50 
Na+ 7.9 -45.0 -50.6 -20 
K+ 5.8 -33.1 -42.4 -31 
Rb+ 3.8 -21.6 -17.5 13 
cs+ 2.5 -14 -9 17 
Acetonitrile 
Li+ ｾ＠ 8.5 ?: -48.4 
-55 ?: -22 
Na+ ｾ＠ 8.5 ｾ＠ -48.4 
-79 ?: -103 
K+ ?: 8.5 ?: -48.4 
-64 ?: -52 
Rb+ 5.7 -32.5 
-37.2 -17 
Cs+ 3.5 -19.9 
-26 -20 
Table 1.2 Thermodynamic parameters of complexation of alkaline-earth cations 
with lain methanol298.15 K65,66• 
1a logKs l:icG
0 l:icHo l:icS0 
(kJ mort) (kJ mort) (J mor1 K-1) 
Methanol 
Ca2+ ?: 9.0 ?: -51.3 -25.0 ?: 88 
Sr2+ ?:9.0 ｾ＠ -51.3 -10.0 ?: 138 
Ba2+ 7.2 -41.01 -2.5 144 
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Hamdi and coworkers 78 reported the synthesis of ligands lo and 1 p. The binding 
properties of lo towards alkali and alkaline-earth and transition metal cations were also 
determined by UV absorption spectrophotometry along with their complexes 
stoichiometries. These data are shown in Table 1.3. The higher stability constant was 
reported to be with the Cu2+ cation with a 2:1 (metal: ligand) stoichiometry. 
Table 1.3 Stability constants 78 of lo with metal cations in acetonitrile at 291.15 
Cations Metal:Ligand lo logKs 
Li+ 1:1 5.47 
Na+ 1:1 5.54 
Mg2+ 1:1 5.56 
Ca2+ 1:1 5.51 
Sr2+ 1:1 4.67 
Ba2+ 1:1 5.92 
Co2+ 1:2 8.90 
Ni2+ 1:2 8.54 
Cu2+ 2:1 9.27 
Zn2+ 1:1 4.44 
Calixarene ligands such as 2-6 (Fig. 1.1 0) bearing various combinations of prill'l:ary, 
secondary and tertiary amide substituents appear in the literature67•52 Complexation data 
for alkali and alkaline-earth metal ions with ligands 2-5 in methanol were determined by 
spectrophotometric measurements and are given in Table 1.4. The replacement of two 
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tertiary amides of la by secondary amides (ligand 4) leads to a decrease in complex 
stability although the stability ofNa+ and 4 in methanol at 298.15 K is still high (log Ks> 
6). A decrease in stability was also shown for the potassium complex (log Ks = 2.3) 
relative to that for the same cation and lain this solvent. 
Table 1.4 Stability constant67 (log Ks) of alkali and alkaline-earth complexes in 
methanol at 298.15 K 
2 3 4 5 
Li+ ｾＱ＠ ｾＱ＠ ｾＱ＠ ｾＱ＠
Na+ 2.9 3.3 >6 2.1 
K+ 4.1 ｾＱ＠ 2.3 2.2 
Rb+ 3.6 ｾＱ＠ ｾＱ＠ ｾＱ＠
cs+ 1.9 ｾＱ＠ ｾＱ＠ ｾＱ＠
Mg2+ 1.1 1.5 ｾＱ＠ ｾＱ＠
Ca2+ 5.9 6.0 >6 ｾＱ＠
Sr2+ 4.4 5.4 >6 ｾＱ＠
Ba2+ 2.5 3.3 3.7 ｾＱ＠
Replacement of secondary by primary am ides in the lower rim of calixarenes as in ligand 
3 decreases the stability constants in methanol. The only value which could be 
determined was that for the Na+ complex (log Ks = 3.3) in methanol at 298.15 K. A 
decrease in stability is also observed in moving from the tertiary to the secondary and to 
the primary amide according to the basicity of the carbonyl oxygen atoms. However 
among the alkali-metal cations the selectivity remains in favour of Na +. The same trend 
was observed within the alkaline-earth metal cations. Thus 3 was reported to possess a 
preference towards Ca2+ and Sr2+ in methanol at 298.15 K. 
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Fig. 1.10 
Introduction 
6 
Lower rim calix[ 4]arene derivatives bearing primary, secondary and 
tertiary amide in their pendant arms. 
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Three calix[4]arene tetramide mono (thio) urea derivatives, 7a, 7b and 8, were 
synthesised by Pelizzi and coworkers79• These ligands are able to solubilise solid sodium 
salts containing different counter-ions in CDCh at 300 K. This was due to their ability to 
simultaneously complex cation (lower rim) and anion (upper rim). Therefore the 
authors 79 considered these ligands as ditopic receptors. Quantitative binding studies in d6-
DMSO at 300 K performed on the thiourea derivatives made possible the evaluation of 
the effect of cation complexation on anion binding. It was reported (see Table 1.5) that if 
the urea unit is linked directly to the aromatic nucleus, (8), sodium complexation 
increases the efficiency but decreases the selectivity of the anion binding process. 
However little effect was observed when a CH2 spacer (7a) was introduced between the 
urea unit and the calixarene aromatic nucleus. 
7 a: X=S 
b: X=O 
ｾ＠
ｾｊｾｾｯ＠
-/N/N) ｾＧ＠
8 
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Table 1.5 
Introduction 
Stability constants from 1H-NMR titration experiments in d6-DMSO at 
300K. 
Anion 
Br-
cr 
Benzoate 
Formate 
Acetate 
Propionate 
!so butyrate 
8 
<0.69 
1 
2.39 
2.36 
2.97 
2.39 
2.41 
3.04 
3.08 
3.00 
2.90 
Calixarenes containing ferrocene amide at the upper rim and methoxy or ethyl ester 
groups at the lower rim have been synthesised by Tomapatanaget and coworkers80• 
Anion binding· studies by 1 H NMR titration in CDCh at 298 K showed that these 
compounds are able to recognise selectively the chloride anion with high selectivity. 
It should be noted here that the nature of the medium in which the interaction between a 
host and a guest is investigated, is very important and it must be considered. Low 
dielectric constant solvents such as chloroform tend to form ion pairs and therefore 
9 
these are not suitable media for complexation studies 
involving ionic species. 
Calix[ 4 ]arenes bearing two-p-nitrophenyl-ureido 
functions at the upper rim such as ligand 9 were shown 
to be effective anion binders81 • The stoichiometry of 
complexation was reported to be dependent on the 
substitution pattern (distal or proximal) and anion 
concentration. 
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Many other calix[ 4 ]arene ami des were also reported in the literature but lack of 
investigation on the complexation properties with anions or metal cations was also 
noticed. Ligands lOa-lOf were synthesised with the aim of preparing neutrally charged 
water soluble calix[ 4 ]arenes that contain hydroxyl-amides in the lower rim. The 
solubilities of these calix[4]arene derivatives were reported82 (see Table 1.6). It was 
concluded that their solubilities depend on the nature of the hydroxyamide, as well as 
the number of hydroxyl groups present in their pendant arms. It was found that the 
addition of two hydroxyl groups, lOa, did not increase its solubility in water to any 
extent. With four hydroxyl groups added (lOb), the macrocycle became about one tenth 
as soluble in water as the dicarboxylate salt of calix[4]arene. A calix[4]arene with a 
total of six hydroxyl groups (lOc), showed a lower solubility than serinol-calixarene, 
lOb. 
Accordingly, ligand lOc was prepared and investigated in this work. This thesis will 
discuss its complexation with anions and cations in several solvents. 
Table 1.6 
-- ｾ＠ - ｾ Ｎ＠ ｾ＠ ... 
Solubilities82 of calixarenes in water in the presence of a phosphate buffer 
(pH= 6.88) at ambient (undefined) temperature. 
Calix[4]arene (10) 
Solubillity (Xl04 M) 
mol dm-3 
a <0.02 
b 0.36 
c 0.18 
d 1.60 
e 2.9 
f 2.1 
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Table 1.7 Partially substituted lower rim calix[4]arene amide derivatives82 
10 
Calix R 
a +NH OH \_/ 
b hH ｈｏｾｏｈ＠
+NH 
c ｈｏｾｏｈ＠
HO 
+NH 
d ｏｾｏｈ＠
NH2 
e OH 
OH 
)<NH 
f HO 
OH 
HO HO 
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1.8. Extraction of Calixarenes 
The ability of calixarene derivatives to extract metal cations form the aqueous to the 
nonaqueous phase has been investigated by McKervey and coworkers65•66, Danil de 
Namor and coworkers63•83•84 and many others. 
Hamdi and coworkers78 have carried out, cation extraction experiment in the water-
dichloromethane solvent system at 293.15 K using lo as the extracting agent. It was 
concluded that alkali and alkaline-earth metal cations were poorly extracted by this 
ligand. It was also concluded that the percentage of extraction of the soft Zn2+ cation was 
similar to that for Na+ and this ligand in this solvent system. 
Arnaud-Neu and coworkers67 have also carried out extraction experiments in the water-
dichloromethane solvent system at 293.15 K. The percentages of alkali and earth-alkaline 
metal cations extracted from aqueous solutions by la, 2, 3, 4 and 5 ligands are iisted in 
Table 1.8. 
Table 1.8 
Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 
Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Percentage extracted (% E) of alkali and alkaline-earth pi crates from water 
to dichloromethane at 293.15 K 
la66 267 367 467 567 
63.0 1.1 3.8 13.4 ｾＱ＠
95.5 3.3 4.6 22.0 1.5 
74.0 8.1 4.0 14.1 :S1 
24.0 5.3 6.6 16.2 ｾＱ＠
12.0 2.1 4.0 12.0 ｾＱ＠
9.0 ｾＱ＠ 2.0 9.9 :S1 
98.0 2.6 5.6 30.1 ｾＱ＠
86.0 ｾＱ＠ 3.2 16.5 ｾＱ＠
73.0 ｾＱ＠ 2.6 9.9 ｾＱ＠
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Arnaud-Neu and coworkers67 rep01ted that replacement of two tertiary amide groups in 
la by secondary amides, 4, leads to a decrease in the extraction percentages for most 
alkali and alkaline-earth picrates. However the selectivity profiles remain in favour of 
Na + and Ca2+ as for la. The introduction of two primary am ides as in 3 decreases further 
the extraction levels and the selectivity. Compound 5 which does not have tert-butyl 
groups in the para position is characterised by a partial "cone" conformation and was a 
totally inefficient ligand towards alkali and alkaline-earth metals. Very low extraction 
levels have also been found with the para-dealkylated compound 2 towards alkali and 
alkaline-earth metal cations with however a slight selectivity for K+ (% E= 8). 
A detailed study on the extraction of metal cations by calixarene derivatives has been 
carried out by Danil de Namor and coworkers85•86 taking into account all the processes 
occurring in the water-organic phase system. It has been emphasised that an investigation 
on the extracting ability of the ligands towards different metal cations requires knowledge 
about the ion-pair formation constants of the free and complexed salts. These parameters 
are dependent on the concentrations of the ligand and salts as well as the nature of the 
counter-ion used in these investigations. These processes discussed by Danil de 
Namor63·85 were taking into account in this work and will be discussed in Chapter 3, 
Section 3.9. 
Having discussed some aspects of calixarene chemistry, in the following Section an 
overview on resorcarenes is given. 
1.9. Synthesis of resorcarenes 
Resorcarenes can be prepared in reasonable to high yields via a simple, one step 
procedure (Scheme 5). In most cases, the acid catalysed condensation reaction between 
resorcinol and an aliphatic or an aromatic aldehyde87 has been the synthetic procedure 
used. Catalysts currently used are Lewis acids, Yb(OTf)388, p-TsOH89 and more 
recently90 Bi (CF3S03)3. 4 H20. 
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The "Niederl-Hogberg Procedure" has shown to be an excellent preparative method for 
the synthesis of calix[ 4 ]resorcarenes. It is carried out by heating the constituents under 
reflux in a mixture of ethanol and concentrated HCI for several hours depending on the 
aldehyde used91 •87• In most cases, the cyclotetramer crystallizes from the reaction 
mixture. The synthesis is generally carried out using the unsubstituted resorcinol (1, 3-
dihydroxybenzene), but in certain cases, 2-methylresorcinol or pyrogallol (1, 2, 3-
trihydroxybenzene) was used with formaldehyde and it yields the tetrameric structure in 
isolable amounts92• Most aliphatic or armnatic aldehydes can be successfully used. 
Crowded aldehydes, like 2, 4, 6-trimethylbenzaldehyde93 or aliphatic aldehydes with 
functionalities too close to the reaction centre, like ClCH2CH091 do not lead to the 
desired compounds. 
The mechanism of the acid-catalysed condensation reaction between resorcinol and 
acetaldehyde was interpreted in terms of cationic intermediates and electrophilic aromatic 
substitution processes. Whether the cyclic tetramer is formed via cyclodimerisation of a 
pair of hydroxymethylated dimers or via cyclisation of a hydroxymethylated linear 
tetramer as well as the driving force for cyclisation were unknown for a while30• The 
mechanism of the reaction between resorcinol and acetaldehyde was then investigated by 
Weinel! and Schneider93 in 1991 in methanol I HCI. The authors followed quantitatively 
the formation of all oligomers and cyclic products over a period of time using 1H NMR 
spectroscopy. It was established that the formation of the cyclotetramer proceeds via a 
sequential coupling of dimethyl acetal with ｲ･ｳｯｲｾｩｮｯｬ＠ units to form intermediates ( dimer, 
trimer and tetramer) or higher oligomers containing more than four monomers (see 
Scheme 5). These higher oligomers were found to be present in concentrations of up to 
45 % at intermediate reaction times and largely disappear towards the end of the reaction 
since the condensation reaction is reversible under the experimental conditions used. 
Weinelt and Schneider93 established that all observed intermediates showed resorcinol at 
the terminal positions. This is in accordance with the fast reaction of such species under 
acidic conditions. Dimers and trimers could be isolated, but the linear tetramers react very 
rapidly and accumulate in observable quantities. The fast cyclisation34 is believed to be 
related to the folded rather than the linear conformation adopted by this macrocycle. This 
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is due to the fact that the former conformation has a higher ability to enter hydrogen bond 
formation between the phenolic hydroxyl groups of adjacent resorcinol units. 
HO 
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1.10. Stereochemical properties of resorcarenes 
Calix[ 4 ]resorcarenes are not planar molecules. In principle, these behave like phenol-
derived calix[ 4 ]arenes which can exist in many different isomeric forms. The 
stereochemistry can be defined as a cmnbination of the following three stereochemical 
elements: 
i) The conformation of the macrocyclic ring 
The conformation of the macrocyclic ring can adopt five arrangements; these are shown 
in Fig. 1.11. 
Fig. 1.11 
(a) 
(c) 
(d) 
(b) 
(e) 
Schematic drawing of the five conformations of C-
methylcalix[4]resorcarene: (a) Crown, (b) Boat, (c) Chair, (d) Diamond 
and (e) Saddle conformations. 
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ii) The relative configuration of the substituents at the methylene bridges of 
calix[4]resorcarenes 
Calix[ 4 ]resorcarenes possess four pro-chiral centers at the bridging carbon atoms. 
Therefore, these macrocycles can exist in four different diastereoisomeric forms as 
illustrated in Fig. 1.12. The macrocyclic ring is considered to be planar for the only 
purpose of perceiving the stereochemical relationships between the pro·chiral centers. 
Assigning one of three residues (R) on a pro-chiral center as the reference group (r) and 
proceeding around the ring in a sequential clockwise progression, the residues R of other 
groups can be designated as cis (c) or trans (t) relative to the reference group (r). 
reee 
Fig. 1.12 
rcet rett rtct 
(rete, rtec, rttt) (rtte) 
Stereochemical relationships among the four groups at the methylene 
carbon of calix[4]resorcarenes. 
In practical terms, rccc isomers have always been found to have either the symmetrical 
"crown" or "bowl" conformation (equivalent to the "cone" conformation) or the 
symmetrical boat conformation (equivalent to a flattened or pinched "cone" 
conformation). The rctt isomer has been found only in the C2h symmetry ("chair" 
conformation) which is equivalent to a transition state between a partial cone and a 1,3-
alternate conformation. The rcct isomer assumes a Cs symmetrical "diamond" 
conformation which is equivalent to a 1 ,2-alternate conformation, while the rtct isomer is 
predicted to assume a 84 symmetrical saddle conformation, equivalent to a 1 ,3-alternate 
conformation. 
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iii) The individual configuration of the substituents at the methylene bridge 
In some of the conformers of calix[4]resorcarenes, the orientation of the R group at the 
bridging carbon can be designated as axial or equatorial. The crown rccc conformer was 
found to have all R groups in axial positions in the lower energy form and in equatorial 
positions in the invetied higher energy form. Therefore they designate the 
calix[ 4 ]resorcarenes as "exo-calixarenes"94• This contrast with the phenol derived-
calixarenes designated as "endo-calixarenes" where the R groups on a bridging carbon 
prefers the equatorial orientation. The conformational preferences of the 
calix[4]resorcarenes are explained in terms of the distance between the hydroxyl groups 
of the aromatic rings and the R groups on the bridging carbon atoms. The greater their 
proximity, the higher the energy of the system 95 • 
Conformational isomers of calix[ 4 ]resorcarenes are interconvertible by rotation around 
bonds. In contrast to the phenol-derived calixarenes, calix[4]resorcarenes carrying a 
substituent on the bridging carbon may not undergo facile conformational 
interconversion, because the process requires the substituent (s) to pass by the exo 
hydroxyl groups. With bulky substituents, this can be difficult; however interconversion 
is rather rapid95 • It has been reported in the literature34 that the stereo isomers arising 
from substituted bridging methylene carbon atoms are interconvertible only by breaking 
and forming bonds. 
As a consequence of the many stereoisomeric possibilities for calix[ 4 ]resorcarenes, the 
reaction products are not, in practice, intractable mixtures. The resorcarene product is 
frequently a single material or, at most, a mixture of two or three isomers with one 
predominating. 
Investigations by Weinelt and Schneider93 have shown that the acid-catalysed formation 
of calixresorcarenes is reversible27, and the major product fulfils the following 
requirements 
i) It is most rapidly formed (the kinetic product-often the rccc (boat, crown) 
isomer, but sometimes the rctt (chair) isomer96 • 
ii) It is most stable (generally the rccc isomer). 
iii) It is the least soluble in the reaction solvent. 
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1.10.1. Functionalisation of resorcarene macrocycles and methods of 
functionalisation 
Like "lower rim" phenol derived-calixarenes, the upper rim of resorcarenes is already 
functionalized with hydroxyl groups which provide excellent sites for the introduction of 
other moieties. The presence of the two electron-releasing hydroxyl groups on the 
aromatic rings of resorcarenes makes them highly activated for electrophilic aromatic 
substitution reactions. Thus the coordination chemistry of resorcarenes mostly results 
from the functionalisation of their upper rim. This can be achieved by either attaching a 
functional group to the phenolic oxygen atoms or to the ortho position between the two 
hydroxyl groups (Fig. 1.13). A possible functionalisation is that involving the change of 
the aldehyde (lower rim) used in the condensation reaction. 
Fig. 1.13 
Upper rim. 
Lower rim 
Schematic drawing showing the main positions for the derivatisation of 
the calix[ 4]resorcarene 
The eight hydroxyl groups of resorcarenes provide "upper rim" functionalisation in their 
own right as well as points of attachment for other groups. Structures with CH3, COCH3, 
COC2Hs, CH2COCH2COOMe and CH2COCH2CONEh attached to the phenolic oxygens 
were reported34• Functional groups such as propargyl bromide (!1) were introduced97 at 
the eight hydroxyl groups of the resorcarene. In addition to the hydroxyl groups, the 
ortho position of the resorcinol unit is a potential site for chemical modification of 
resorcarenes. Several reactions of such substitution have been reported in the literature. 
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Bromination98-100 of 11a with N-bromosuccinimide (NBS) at room temperature gives the 
tetra-bromide 13 in 80 % yield. The reaction takes place exclusively at the four positions 
in between the hydroxyl groups. 
Diazo-coupling of 11a with 4 equivalents of p-sulfonatebenzene-diazonium affords the 
tetra-diazonium salt, 14, in 29 % yield. It has been found that this compound is water 
soluble and has a large cavity able to complex hydrophobic molecules such as pyrene and 
coronene 101 • Several aminomethylated resorcarenes have been synthesized via the 
Mannich reaction involving 11a, formaldehyde and a secondary amine102-104.This reaction 
can also be performed with amines carrying functional groups in their side chains to give 
compounds 105 such as 15 and 16. 
12 
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Functionalisation of calix[ 4 ]resorcarenes through the hydroxyl groups and 
at the ortho positions. 
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Resorcarenes are also the starting material for the synthesis of "cavitands". This name 
was given in 1982 by Cram98 to this class of synthetic organic compounds that contain an 
Fig. 1.14 An example of 
cavitand with bridging 
methylene units. 
enforced concave cavity sufficiently large to 
accommodate other compounds or ions. It is 
generated by covalently linking neighboring 
hydroxyl groups in the corresponding resorcarene. 
The resulting rigid, bowl-shaped synthetic 
compounds form inclusion complexes with a 
variety of solvents including acetonitrile and 
chloroform 106• During the process of covalently 
linking the cavitands, small organic molecules can 
be trapped inside. Once incarcerated, the guest 
molecules can be only freed by breaking the 
covalent bonds. Cavitands are attractive because the rims of the bowls can be varied by i) 
different substituent at the ortho position and different bridging groups for shaping the 
bowl cavity; ii) manipulating the solubility of the cavitands; iii) introducing potentially 
cooperating functional groups to act as catalysts34. The first synthesis was carried out 
using 11a (as starting material) with excess amounts of CH2BrCl and a base. Compared 
to parent resorcarenes, cavitands are extremely rigid molecules, they adopt a crown-like 
conformation in the solid state and only slight deviations were observed in solution33 . 
Compared to methylene-bridged cavitands, ethylene and propylene-bridged cavitands are 
more flexible and adopt a boat-like conformation in the solid state33. 
When two cavitands are covalently linked via their upper rims (Fig. 1.15), a molecule 
with a closed surface, named a carcerand, is formed 107• The carcerand contains an 
enforced cavity with the shape of an American football34, sufficiently large to 
accomtnodate organic molecules. During their synthesis, carcerands can capture 
molecules from the medium and when incarcerated, they can not leave the cavity without 
breaking covalent bonds in the host molecule. The first carcerand was reported by Cram 
in 1985, the two cavitand parts are held together by four CH2SCH2 (R2=CH3, R1=CH2, 
X=CH2, Y= S). Two small openings are present at the top and the bottom of the shell 
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which only permit the entrance and the exit of small molecules, like water and 
acetonitrile 108•109• Analogous to the covalent links between the cavitands subunits in 
carcerands, bridging solvents molecules are necessary for the assembly of supramolecular 
Fig. 1.15 Two cavitands linked 
covalently via upper rims to form the 
carcerand. 
capsules. The hydrogen-bonding molecules 
serve as spacers to help steric interactions 
between the resorcarenes. The formation of 
these capsule complexes involves two 
hnportant processes: i) assembly of the 
subunits and ii) encapsulation of the guest 
molecules. In order for capsule assembly to 
occur and for the structure to hold together, 
the subunits must be able to participate in 
reversible, noncovalent interactions. 
Different kind of subunits has been found to 
generate hydrogen-bonded supra-molecular 
capsules 110 such as that involving a 
glycoluril-derived subunit, a calixarene and 
a resorcarene. 
1.10.2. Formation ofhexameric and dimeric resorcarene capsules 
In 1997, MacGillivray and Atwood 111 reported the formation of an impressive spherical 
hexamer composed of six calix[4]resorcarene subunits and eight water molecules in the 
solid state (Fig. 1.16). Although X-ray analysis data indicated that guest molecules were 
present, their identity could not be determined. Shortly thereafter, Mattay and 
coworkers112 reported the formation of a similar, slightly larger hexameric capsule 
formed from hydroxyresorcarene units. Encapsulation of ten acetonitrile molecules was 
observed in the crystal structure. Although the calix[ 4 ]resorcarene was reported to be 
quite stable, the hydroxyresorcarene hexameric capsule appears to be more fragile as 
additional attempts to isolate the hydroxyresorcarene hexamer failed. 
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Fig. 1.16 Spherical hydrogen-bonded assembly of 
calix[ 4 ]]resorcarene units 
Introduction 
Kikuchi and coworkers 113 reported the formation of a 2:1 complex between 
calix[4]resorcarene and methyl ｾＭｧｬｵ｣ｯｰｹｲ｡ｮｯｳｩ､･＠ in CDCb. Analysis of the interaction 
between the same resorcarene cyclic tetramer and octyl glucoside revealed the formation 
of a 1 :4 (host : guest) complex. The difference in the stoichiometry for the assemblies 
was attributed to the difference in the solubility of the two glycosides in chloroform. 
While 17 is readily soluble, solvophobic 18 was only solubilised upon encapsulation. 
17 R=CH3 
18 R=C8H 11 
Fig. 1.17 A dimer of resorcarene with an entrapped alkyl glucoside guest. 
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More recently, crystal structures of a variety of dimeric capsules with entrapped cations 
have been reported 114·116 and cation-7t interactions between the guests and the resorcarene 
hosts are expected to play an important role in capsule formation. In addition to the 
dimeric capsules described above, similar assemblies have been generated using 
resorcarene-based cavitands. A dimeric assembly is also formed by the 
pyrazinedicarboximide-bridged cavitand, 19. The cylindrical dimeric capsule held 
together by a seam of eight bifurcated hydrogen bonds, 20, can encapsulate a variety of 
guests. Kobayashi and coworkers 117 reported the formation of a hydrogen-bonded 
heterodimeric capsule, 21, assembled by a tetracarboxyl-cavitand and a tetra (3-pyridyl)-
cavitand in which one molecule of an appropriate 1 ,4-disubstituted-benzene guest is 
encapsulated. 
R 
0 
R R R 
19 20 21 
1.10.3. Complexation of calix[4]resorcarenes with polar organic molecules 
The presence of eight hydroxyl group at the upper rim of resorcarenes makes these 
macrocycles suitable for complexation with organic molecules that contain polar 
substituents. Aoyama 118 was the first to recognize this feature and as a result of his 
studies, resorcarenes were awarded as the "Reagent of the Year" in 1993 by Fluka. 
Resorcarenes having long alkyl chain in the bridge, 11b, are readily soluble in apolar 
organic media such as CHCl3 and CCl4. A complex of 1 :4 stoichiometry was found in 
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CHCh with both glycerol and water in which each pair of hydroxyl groups forms a 
binding site and four such binding sites interact independently with small polar 
guests119·120. It has been found from complexation studies that the interaction ｾ･ｴｷ･･ｮ＠ an 
aliphatic moiety (in the guest) and electron-rich aromatic rings in the host (CH-n 
interaction121) contributes up to 5.8 kJ mor1 to the overall Gibbs energy of binding. 
Evidence for this interaction was found by 1 H NMR spectroscopy. This study showed 
upfield shifts for a terminal methyl group of the guest, indicating a deep penetration of 
this group into the aromatic cavity. CH-n interactions gradually increase with and 
increase in the chain length or branching of the aliphatic moiety. Host 
(calix[4]resorcarene.4H20) complexes tnethyl and n-octyl glucopyranosides via hydrogen 
bonding in apolar media. In the case of the methyl derivative in CHCh, a 2:1 (host : 
guest) sugar-encapsulation complex was found. On the other hand, the cetyl glucoside is 
bound to give a 1 :4 stoichiometry (host : guest) complex. Dicarboxylic acids also form 
complexes with resorcarene.4 H20 in CDCh via two hydrogen bonding interactions 122. 
The complexation of amino acids has only been studied in water; only the more 
hydrophobic amino acids carrying aliphatic or aromatic side chains shows interaction 123. 
Complex formation of resorcarenes, llb, with triethylamine in chloroform and 
benzonitrile was detected using conductometry at 298.15 K 124. This was confirmed by 
UV spectrophotometry and the stoichiometry was established to be 1 :3 (amine:ligand). 
Resorcarenes lla and llc form 1:1 complexes with caffeine in methanol containing 1% 
of water. This interaction takes place via hydrogen bond formation between the carbonyl 
oxygen of caffeine125 and the phenolic hydroxyl group of the resorcarenes. 
1.10.4. Complexation of calix[4]resorcarenes with cations 
A wide variety of macrocyclic ligands able to interact with cations, anions and neutral 
species are known. Calixarenes and their derivatives have received considerable attention 
in recent years and its chemistry has been extensively discussed in several publications63. 
It has been shown by Danil de Namor and coworkers 126 that the solution thermodynamic 
of macrocycles such as calixarenes and their derivatives must be characterized in 
different solvents in order to enhance the understanding of the medium effect upon 
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complexation. They have reported 126"128 the solubility of calixarenes in several organic 
solvents. As host molecules in the field of host-guest chemistry, calixarenes are very 
attractive compounds and the synthesis of a large number of derivatives obtained by the 
substitution (partial or total) of the phenolic hydrogens in the lower rim with suitable 
functional groups have been reported52•53 • Although the procedures used to synthesize 
such macrocycles are established, the design of calixarene-based receptors able to interact 
selectively with a given guest was and still is a challenging area of research. While the 
coordination chemistry of calix[ 4 ]arene with metal cations has progressed significantly in 
the last decade, this is not the case for the complexation of calix[ 4 ]resorcarenes with 
metal cations. The solubility of calix[4]resorcarene has been only reported 
qualitatively129• Calix[ 4 ]resorcarene are highly soluble in aqueous basic solutions due to 
deprotonation of the phenolic hydroxyl groups. The stability of the tetraphenolate, 22, is a 
result of the ideal geometric disposition of the 0-H-0 arrangement34 and the possibility 
of delocalization of negative charges. Tetraphenolate, 22, binds methyl 
trialkylammonium cations with spectacularly high binding constants34• It has been 
reported that the strength of binding (see Table 1.9) decreases strongly when the length of 
the alkyl groups increases which indicates that the interaction is based almost exclusively 
on electrostatic attraction between the positively charged R3WMe and negatively charged 
22. It was recently130 shown that the neutral resorcarene lld is able to interact with tetra-
n-alkylammonium cations (Me4N+, E4N\ Pr4W and Bu4N+) and the interaction was 
analyzed in the solid state and in solution (methanol). 
22 
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Table 1.9 
Introduction 
Stability constants of 22 with methyl trialkylammonium cations in D20 
(0.5 NNaOD). 
R logK 
CH3 (n=O) 4.46 
C2Hs (n=l) 3.54 
C3H1 (n=2) 1.50 
C4H9 (n=3) <0.30 
The complexation properties of cavitands have been studied, in the solid state and in 
solution131 . Most cavitands crystallize as thermally stable solvates from a variety of 
solvents. Complementarity is high with guests like CH3CN, C6HsCH3, CH2Ch and CHCb 
but low with C6H6 or cyclohexane. 
There has been intense interest on the synthesis and applications of metallated 
resorcarenes. Few but interesting examples are present in the literature. The majority of 
known transition-metal resorcarene complexes contain 1-4 metal cations34. One 
comprises the reaction of resorcarene with phenyldichlorophosphine and pyridine as a 
base to give the phosphoryl-bridged cavitand, 23, bearing four coordinatively unsaturated 
phosphorus ligands. 
Fig. 1.18 
/0 
R--P 
2 \ 
0 
23 R1 = CH2CH2Ph 
R2 = Ph 
Phosphocavitand resorcarene ligands 
24 R1 = CH3 
R2 = NEt2 
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Ligand 23 is able to interact with four copper ions in the presence of pyridinium chloride 
and it afforded a complex in which a crown-like C14Cl4 unit is positioned on the top of 
the cavitand including a chloride anion in the cavity. In 2003 132 it was found that different 
amino-phosphocavitands such as 24 were able to complex with silver in ethyl bromide at 
room temperature with a stoichiometric reagent ratio (Aminophosphocavitand: Ag, 1 :4). 
Ligand 25 was tested 133 with various transition metal cations and the best preliminary 
results were obtained with cobalt (II) as eight CoCh groups were present in the molecular 
formula of the complex formed. These conclusions were obtained from ES-MS analysis. 
)CC{.o Ｇｾ＠ 4 
25 
Other ligands recently reported97 containing propargyl functional groups. The preparation 
of their two organometallic octopus complex, 26 (R = H or CH3) having 16 cobalt cations 
was reported. These are the most highly cobalt metallated resorcarenes known. The 
structure resembles an octopus, with a resorcarene body and eight propargyl tentacles, 
each bound to a dicobalt unit. 
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26 
R'= CH2CH2Ph 
R= H or CH3 
Introduction 
From this brief introduction and taking into account the previous studies carried out on 
calixarene amide derivatives and on the metallation of resorcarene this work aims to i) 
design and synthesise macrocycle receptors based on thioresorcarene and calixarene 
platforms and ii) investigate their binding properties for different ions in solution as 
described in the following Section. 
1.11. Aim of the work 
A wide variety of macrocyclic ligands that are able to interact with metal cations, anions 
and neutral species are known. Most of these are the result of the synthetic developments 
which have taken place in the last 40 years 1•10• Among the latter, this work centers on two 
types of macrocycles, one based on a calix[4]arene amide derivative while the other is 
related to calix[4]resorcarenes. These are calix[4]resorcarene, L1; 5, 11, 17, 23 
ethylthiomethylated calix[ 4 ]resorcarene, L2; 5, 17 ethylthiomethylated calix[ 4 ]resor-
carene, L3 and 25, 27-bis[N-(2-hydroxy-1,1-bishydroxymethyl-ethyl)aminocarb-
onylmethoxy ]-calix[ 4 ]arene-26,28-diol, L4. 
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L1 L2 
o;::H 
ｈｏｾｏｈ＠
OH 
L3 OH lA 
Therefore, the goals of this work and the issues concerned in this thesis are summarised 
as follows: 
a) Calix[4]resorcarenes; 
i) To design, synthesise and characterise fully and partially substituted upper rim 
thiomethylated calix[ 4 ]resorcarenes. 
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ii) To establish the complexation properties of the parent calix[4]resorcarene (Ll) 
and the functionalised ones (L2) and (L3) with metal cations in different solvents 
as well as to determine the binding sites and the confonnational changes that these 
ligands undergo upon complexation with ionic species using 1 H NMR techniques. 
iii) To determine the composition of metal- cation complexes for both, the fully (L2) 
and the partially substituted (L3) ligands via conductance measurements. 
iv) To evaluate the strength of complexation between L2 and L3 and ｴｨｾ＠ appropriate 
metal cations using calorimetry (micro and macro) and potentiometry. Whenever 
possible, more than one analytical technique will be used to determine the 
stability constants of the metal-ion complexes. 
v) To proceed with the isolation of the metal-ion complexes based on stability 
constant data. 
vi) To determine the factors contributing to the selectivity of the ligands for metal 
cations in the appropriate solvent. 
vii) To check the extraction ability of resorcarene derivatives with the appropriate 
metal cation in water-nonaqueous solvent systems. 
b) Calix[4]arenes; 
i) To synthesise the previously reported82 calix[4]arene ligand (L4) by attaching the 
tris [hydroxymethyl]-aminomethane to the lower rim of the ｣｡ｬｩｾ｛Ｔ｝｡ｲ･ｮ･＠ and to 
characterize it using different techniques. 
ii) To investigate the interaction of L4 with metal cations and anions using the 1H 
NMR technique. 
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iii) To evaluate the strength of complexation between L4 and ionic species using 
different techniques. 
iv) To study the behaviour of the calix[ 4 ]arene derivative towards anions and their 
complexation properties in different solvents. 
The layout of this thesis is summarised as follows, 
• Following this introduction, Chapter 2 will list the chemicals used and 
their sources, purification methods of solvents and chemicals. It will also 
describe the synthetic procedures used for the preparation of different 
resorcarene and calix[ 4 ]arene derivatives investigated in this thesis and the 
experimental work carried out. 
• In Chapter 3, the data obtained which form the basis of the present 
research will be presented and discussed. 
• Finally, main conclusions and suggestions for future work will be given. 
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2. Experimental 
2.1. List of chemicals and their purification procedures 
2.1.1. Chemicals used in synthetic work and in solubility measurements 
• Ethanethiol, 97 %, Aldrich Chemical Company. 
• Resorcinol, 98%, Aldrich Chemical Company. 
• Formaldehyde, 37%, Across Organics Chemical Company. 
• Acetaldehyde, 99 %, Aldrich Chemical Company. 
• Triethylamine, 99.5 %, Aldrich Chemical Company. 
• p-tert-Butylcalix[4]arene, Aldrich Chemical Company. 
• Ethylbromoacetate, 98 %, Aldrich Chemical Company. 
• 2-Ethoxymethoxy carbonyl-1-2-dihydroquinoline, EEDQ, 99 %, Aldrich 
Chemical Company. 
• Tris [hydroxymethyl]aminomethane 99 o/o, Aldrich Chemical Company. 
• Potassium hydroxide, KOH, 87.3 %, Fisher Chemical Company. 
• Aluminium chloride, 99.99%, Aldrich Chemical Company. 
• Toluene, Laboratory Reagent Grade, Fisher Chemical Company. 
• Phenol, 99%, Fisher Chemical Company. 
• Hydrochloric acid (HCl), 3 7 %, Fisher Chemical Company. 
• Acetic acid glacial, 99.76 %, Fisher Chemical Company. 
• Acetonitrile (MeCN), HPLC grade, Fisher Chemical Company. 
• N,N-Dimethylformamide(DMF), HPLC grade, Fisher Chemical Company. 
• Dichloromethane (DCM), Fisher Chemical Company. 
• Tetrahydrofuran (THF), HPLC grade, Fisher Chemical Company. 
• Methanol (MeOH), HPLC grade, Fisher Chemical Company. 
• Ethanol (CH3CH20H), Hayman Ltd.; HPLC-grade. 
• Chloroform (CHCh), 99 %, Fisher Chemical Company. 
• Diethyl ether, HPLC grade, Fisher Chemical Cmnpany. 
• Pyridine, 99.99 %, Fisher Chemical Company. 
• Propylene carbonate anhydrous (PC), 99.7 %, Aldrich Chemical Company. 
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• Dimethyl sulfoxide (DMSO), 99 %, Fisher Chemical Company. 
• Propanol (PrOH), 99.7 %, BDH Laboratory Supplies. 
• Butan-1-ol (BuOH), 99 %, Fisher Chemical Company. 
• Hexane (Hex), HPLC-grade, Aldrich Chemical Company. 
• 18-Crown-6 (18-C-6), ｾ＠ 99 %, Fisher Chemical Cotnpany. 
• Sodium hydride (NaH), Aldrich Chemical Company. 
• Potassium carbonate anhydrous (K2C03), Aldrich Chemical Company. 
2.1.2. Chemicals used in 1H-NMR studies 
• Deuterated acetonitrile (CD3CN), Aldrich Chemical Company. 
• Deuterated methanol (CD30D), Aldrich Chemical Company. 
• Deuterated chloroform (CDC13), Aldrich Chemical Company. 
• Deuterated dimethyl sulfoxide (d6-DMSO), Aldrich Chemical Company. 
• Tetramethylsilane (TMS), Aldrich Chemical Company. 
2.1.3. Chemicals used in conductometric studies and their purification procedures 
In addition to the appropriate solvents, metal cation and anion salts used in the 
conductometric experiments, potassium chloride was used. 
• Potassium chloride (KCl), 99 %, Fisher Chemical Company, was recrystallised 
from de-ionised water and dried at 120°C for three days prior to use. 
2.1.4. Chemicals used in macro and microcalorimetric studies and their 
purification procedures 
• Tris(hydroxymethyl)aminomethane (THAM), ultrapure, 99.9 %, Aldrich 
Chemical Company, was recrystallised from water: methanol (50:50) mixture. 
The crystals were washed with tnethanol and dried at room temperature for 
twenty-four hours and then these were stored in a vacuum desiccator for three 
days. 
• Barium chloride (BaCh), 99.99 %, Aldrich Chemical Company. 
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2.1.5. Chemicals used in potentiometric studies 
• Tetra-n-butyl ammonium perchlorate (TBAP), electrochemical grade (2:: 99 %), 
Fluka Chemical Company 
2.1.6. Drying agents 
• Phosphorus pentoxide (P40w), 99 %, Fisher Chemical Company. 
• Calcium chloride (CaCh), Fisher Chemical Company 
• Magnesium sulfate (MgS04), 98 %, Fisher Chemical Company. 
2.1. 7. Cation salts investigated 
• Lithium (I) perchlorate, 99 %, Aldrich Chemical Company. 
• Sodium (I) perchlorate monohydrate, 98 %, Aldrich Chemical Company. 
• Potassium (I) perchlorate, 99 %, Aldrich Chemical Company. 
• Rubidium (I) perchlorate, 99%, Aldrich Chemical Company. 
• Caesium (I) perchlorate, 98 %, Aldrich Chemical Company. 
• Magnesium (II) perchlorate hexahydrate, 99 %, Aldrich Chemical Company. 
• Calcium (II) perchlorate tetrahydrate, 99 %, Aldrich Chemical Company. 
• Strontium (II) perchlorate hydrate, Aldrich Chemical Company. 
• Barium (II) perchlorate trihydrate, 99 %, Aldrich Chemical Company. 
• Silver (I) perchlorate, 99.9 %, Aldrich Chemical Company. 
• Lead (II) perchlorate trihydrate, 98 %, Aldrich Chemical Company. 
• Cadmium (II) perchlorate hydrate, Aldrich Chemical Company. 
• Copper (II) perchlorate hexahydrate, 98 %, Aldrich Chemical Company. 
• Zinc (II) perchlorate hexahydrate, 98 %, Aldrich Chemical Company. 
• Nickel (II) perchlorate hexahydrate, Aldrich Chemical Company. 
• Mercury (II) perchlorate hydrate, 98 %, Aldrich Chemical Company. 
These were dried over phosphorus pentoxide under vacuum for several days before 
use. 
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2.1.8. Anion salts investigated 
• Tetra-n-butylammonium fluoride trihydrate, 99 %, Fluka Chemical Company. 
• Tetra-n-butylammonium chloride, 97%, Fluka Chemical Company. 
• Tetra-n-butylammonium bromide, 99 %, Aldrich Chemical Company. 
• Tetra-n-butylammonium iodide, 99 %, Aldrich Chemical Company. 
• Tetra-n-butylammonium dihydrogen phosphate, 99 %, Aldrich Chemical 
Company. 
• Tetra-n-butylammonium perchlorate, 99 %, Aldrich Chemical Company. 
• Tetra-n-butylammonium nitrate, 99%, Aldrich Chemical Company. 
• Tetra-n-butylammonium hydrogen sulphate, 99 %, Aldrich Chemical Company. 
• Tetra-n-butylammonium hydrogen pyrophosphate, 99 %, Aldrich Chemical 
Company. 
2.2. Solvents and purification procedures 
• Acetonitrile134, MeCN, HPLC grade, Fisher UK Scientific International, 
HAYMAN Ltd, high purity reagent, was placed over calcium hydride (CaH2) in 
a round-bottomed flask fitted with a reflux condenser protected by a drying tube 
containing calcium chloride. The mixture was refluxed under a nitrogen 
atmosphere. The middle fraction of the distilled solvent was used. 
• ..N,N-Dimethylformamide 13\ DMF, HPLC grade, Fisher UK Scientific 
International, was dried over 3A molecular sieves (which have been previously 
dried at 300 °C overnight for 72 hours) and subsequently distilled under reduced 
pressure. The middle fraction of the distilled solvent was collected. 
• Tetrahydrofurane13\ THF, HPLC grade, Fisher UK Scientific International, was 
stored over a sodium wire for 24 hours, and then it was distilled over a sodium 
wire under a nitrogen atmosphere using benzophenone as an indicator. 
• Pyridine135 was refluxed over sodium hydroxide pellets in a round-bottomed flask 
fitted with a reflux condenser protected by a drying tube containing calcium 
chloride. Then the mixture was distilled with careful exclusion of moisture. The 
middle fraction of the distilled pyridine was used immediately. 
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2.3. Synthesis and characterisation 
2.3.1. Pre8aration of the 2,8,14,20-tetra-methylpentacyclo [19.3.1.13'7.19' 13, 
115' ]octacosa 1(25),3,5,7(26),9,11,13(27),15,17,19(28),21,23 dodecaene 
4,6,10,12,16,18,22,24-octol. (calix[4]resorcarene) 
The synthetic procedure for the preparation of L1 is shown in Scheme 7 . 
HOUOH I + 4 
ｾ＠
5 
(L1) 
Scheme 7 Procedure used for the synthesis of calix[ 4 ]resorcarene 
Calix[4]resorcarene was prepared as described in the literature136•137• To a solution of 
resorcinol (34 g, 0.31mol) in ethanol (60 ml), water (60 ml) was added. This was 
followed by careful addition of concentrated HCI. The solution was cooled to 0°C, and 
acetaldehyde (13.71 g, 0.31 mol) was added. The mixture was then stirred at 75 °C for 16 
hours and then allowed to cool to room temperature. 
The product was collected by filtration and washed with cold ethanol and water. It was 
then recrystallised from acetonitrile to give calix[ 4 ]resorcarene (80 % yield). The crystals 
furnished were dried in a pistol dryer under high vacuum at 1 00°C. The compound was 
characterised by 1H-NMR in d6-DMSO at 298 K. 
• 
1H NMR, Appendix 1, Fig. 1 (500 MHz, in d6-DMSO); 8 (ppm), J (Hz); 8= 8.52 
(s, 2H, H-1), 6.77 (s, 1H, H-3), 6.14 (s, 1H, H-2), 4.45 (q, 1H, H-4), 1.301 (d, 3H, 
J=7, H-5) 
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2.3.2. Preparation of 5, 11, 17,23 ethylthiomethylated calix[4]resorcarene 
7 6( 
s 
2 
4 
(L2) 
2.3.2.1. Method A 
To a solution of calix[ 4 ]resorcarene ( 4 g, 7.3 mmol) in acetic acid (1 00 ml), ethanethiol 
( 4.35 ml, 80 mmol) was added. This was followed by the addition of formaldehyde (2.52 
ml, 91.7 mmol) and acetic acid ( 40 ml). The synthetic procedure is shown in Scheme 8. · 
The reaction mixture was heated to 60°C and left for six hours after which the product 
was precipitated. (12% yield) 
2.3.2.2. Method B 
To a solution of calix[4]resorcarene (2.5 g, 4.6 mmol) in ethanol : chloroform (50 : 50 
ml) mixture, triethylamine (73.6 mmol, 10.25 ml) was added. Then ethanethiol (73.6 
mmol, 5.6 ml) and formaldehyde (11 0.4 mmol, 8.1 ml) were added. The reaction mixture 
was allowed to run at 60°C for several hours. The solvent was removed by rota 
evaporation. Methanol was added to the residue to give a precipitate. This was filtered 
and the solid was recrystallised from a methanol : chloroform (80:30 ml) mixture. 
Crystals of the fully thiomethylated calix[ 4 ]resorcarene (L2) in 70 % yield were obtained. 
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HOXXfOH I ｾ＠ Jl Method A: Acetic acid + "' 'sn + ｾ＠ 4 H II Method B: Ethanoi/Chloroform.Triethylamine 
Scheme 8 Procedures used for the synthesis of the 5, 11, 17, 23 ethylthiomethylated 
calix[ 4 ]resorcarene (L2) 
This product was characterised by 1H and 13C NMR spectroscopy, microanalysis and X-
ray crystallography. 
• 
1H NMR, Appendix 2, Fig. 1 (500 MHz, in CD3CN); o (ppm), 1 (Hz); o= 7.54 (s, 
2H, OH), o= 7.38 (s,1H, H-2), 8=4.53 (q, 1H, 1=7.2, H-3), o= 3.80 (s, 2H, H-5), 
8=2.37 (q, 2H, 1= 7.3, H-6), 8=1.74 (d, 3H, 1= 7.2, H-4), o= 1.15 (t, 3H, 1=7.1, H-
7) 
• 
1H NMR, Appendix 2, Fig. 2 (300 MHz, in CD30D); o (ppm), 1 (Hz); 1(Hz); o= 
7.23 (s,1H, H-2), 8=4.57 (q, 1H, 1=7.2, H-3), o= 3.77 (s, 2H, H-5), 8=2.37 (q, 2H, 
1= 7.4, H-6), 8=1.69 (d, 3H, 1= 7.2, H-4), o= 1.11 (t, 3H, 1=7.5, H-7) 
• 
1 H NMR, Appendix 2, Fig. 3 (500 MHz, in d6-DMSO); o (ppm), 1 (Hz); o= 8.68 
(s, 2H, OH), 7.44 (s,1H, H-2), 4.44 (q, 1H, 1=3.9, H-3), 3.69 (s, 2H, H-5), 2.44 
(q, 2H, 1= 3.9, H-6), 1.71 (d, 3H, 1= 3.9, H-4), 1.16 (t, 3H, 1=7.2, H-7) 
• 
1H NMR, Appendix 2, Fig. 4 (500 MHz, in CDCh); o (ppm), 1 (Hz); o= 7.95 (s, 
2H, OH), o= 7.30 (s, lH, H-2), 8=4.59 (q, lH, 1=7.2, H-3), o= 3.87 (s, 2H, H-5), 
8=2.39 (q, 2H, 1= 7.3, H-6), 8=1.75 (d, 3H, 1= 7.2, H-4), o= 1.22 (t, 3H, 1=7.3, H-
7) 
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• 
13C NMR, Appendix 2, Fig. 5 (500 MHz, DMSO); eSc (ppm) 8= 149.7 (C-OH), 
126.8 (C-CH2-S), 123.6 (CH-aromatic), 114.7 (CH aromatic-C), 29.6 (CH 
bridge), 26.4 (C-CH2-S), 25.3 (S-CH2-CH3), 21.1 (CH3 bridge), 15.74 (S-CH2-
CH3). 
Elemental analysis was carried out in duplicate at the University of Surrey. Experimental 
and calculated results were in good agreement. 
Calculated% C, 62.83 ; H, 6. 71; Found% C, 62.62; H, 6.67 
X-Ray diffraction studies were carried out by Prof. E. E. Castellano and Dr. Oscar E. Piro 
at the Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo, C. P. 369, 13560 Sao 
Carlos (SP), Brazil. 
2.3.3. Preparation of 5, 17 ethylthiomethylated calix[4]resorcarene 
(L3) 
The preparation of the partially thiomethylated calix[ 4 ]resorcarene was performed using 
Method (A) shown in Scheme 8 (Page 59). Method B was not successful. Into a three-
necked round bottom flask equipped with a condenser and a calcium chloride drying 
tube, calix[4]resorcarene (4g, 7.3 mmol) was suspended in acetic acid (100 ml) and 
ethanethiol (2.2 ml, 29 mmol) was added. This was followed by the addition of 
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formaldehyde (3.2 ml, 44 mmol) and acetic acid (40 ml). The reaction mixture was 
heated for a period of twelve hours. The reaction was monitored by TLC using a 
chloroform:methanol (9: I) mixture as the developing solvent. After cooling, the solvent 
was removed under reduced pressure. The product was precipitated from the oily residue 
with acetonitrile and recrystallised frotn a mixture of acetonitrile and methanol (90: I 0). 
The crystals obtained were dried under vacuum at 50°C over calcium chloride. The pure 
product was obtained in 40-45 % yield. 
L3 was characterised by 1H NMR, 13C NMR, COSY 2D NMR, HMQC 20 NMR, 
HMBCLP 2D NMR and NOESY 20 NMR techniques in different solvents, 
microanalysis and X-ray crystallography. 
• 
1H NMR (300 MHz, in CD30D); 8 (ppm), J (Hz); 8= 7.34 (s, IH, H-2), 7.23 
(s,IH, H-4), 6.31 (s, IH, H-3), 4.53 (q, 2H, J= 7.2, H-5), 3.68 (s, 2H, H-7), 2.44 
(q, 2H, J= 6.9, H-8), 1.72 (d, 6H, J=7.2, H-6), l.I6 (t, 3H, H-9). 
• 
1H NMR, Appendix 3, Fig. 1 (300 MHz, in CDCh); 8 (ppm), J (Hz); 8= 8.86 (s, 
2H, H-1), 8.I 0 (s,2H, H-10), 8= 7.31 (s, 1H, H-2), 7.22 (s, 1H, H-4), 6.27 (s, 1H, 
H-3), 4.54 (q, 1H, J= 7.2, H-5), 3.80 (s, 2H, H-7), 2.47 (q, 2H, J=7.5, H-8), 1.72 
(d, 6H, J= 7.2, H-6), 1.22 (t, 3H, J= 7.5, H-9). 
• 
1H NMR, Appendix 3, Fig 2 (300 MHz, in CD3CN); 8 (ppm), J (Hz); 8= 7.72 (s, 
2H, H-1), 7.46 (s, 2H, H-10), 7.38 (s, lH, H-2), 7.29 (s, lH, H-4), 6.34 (s, IH, H-
3), 4.45 (q, 1H, J= 7.2, H-5), 3.66 (s, 2H, H-7), 2.42 (q, 2H, J=7.3, H-8), 1.72 (d, 
6H, J= 7.5, H-6), 1.17 (t, 3H, J= 7.2, H-9). 
• 
13C NMR1 (500 MHz, CD30D); 8c (ppm) 8= 151.59 (C*-OH), 150.60 (C-OH), 
126.60 (C*OH-c* -Bridge), 126.24 (COH-C-Bridge), 125.68 (C. meta), 121.22 
1 
*The carbon corresponding to the resorcinol unit where the sulphur pendent arm is 
attached. 
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(C*meta), 115.01 (S- c*H2-C*ortho), 102.55 (COH-CH ortho), 29.27 (CH 
bridge), 26.75 (S-CH2CH3), 26.38 (S-CH2-Ar), 20.41 (CH3 bridge), 15.30 (S-
Elemental analysis was carried out in duplicate at the University of Surrey. Experimental 
results are in good agreement with calculated ones: 
Calculated% C, 65.87; H, 6.40; Found% C, 65.52; H, 6.28 
X-ray structure of L3 has been carried out by Prof. E. E Castellano at the lnstituto de 
Fisica de Sao Carlos, Universidade de Sao Paulo, C. P. 369, 13560 Sao Carlos (SP), 
Brazil and by Dr. 0. E. Piro at the National University of La Plata, Argentina. 
2.3.4. Preparation of 25, 26, 27, 28- tetrahydroxycalix[4]arene 
The synthetic procedure used for the preparation of the de-tert-butylated calix[4]arene is 
shown in Scheme 9, 
Scheme 9 
AICI3 I Toluene 
OH OH 
5 
Synthetic procedure for the preparation of 25, 26, 27, 28- tetrahy-
droxycalix[ 4 ]arene (!) 
Into a dry 500 cm3 three-necked bottomed flask equipped with a condenser, p-tert-butyl 
calix[4]arene (5.15 g, 7.93 mmol) and phenol (4.5 g, 47.58 mmol) were mixed together in 
dry toluene (1 00 cm3) under a nitrogen atmosphere. The mixture was stirred for one hour. 
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Then, aluminium chloride (7.4 g, 55.51 mmol) was added slowly to the solution under 
vigorous stirring. The reaction mixture was heated to 50 ° C. 
The reaction was monitored by TLC using a developing solvent system formed by a 
hexane:ethyl acetate (8:2) mixture. The reaction was stopped after 5 hours. The organic 
phase was then extracted from the water phase and washed with water. Evaporation of the 
toluene gives the product which was recrystallised from methanol. After recrystallisation, 
the 25, 26, 27, 28- tetrahydroxycalix[4]arene,! was washed with methanol and dried over 
CaCh at 100° C for about 7 hours. The yield obtained was 98 %. ! was characterized by 
1H NMR and microanalysis. 
• 
1H NMR (300 MHz, CDCI3), 8 (ppm), J (Hz) 8= 10.195 (s, 1H, H-5 (OH), 7.056 
(d, 2H, H-1), 6.731 {t, 1H, H-2), 4.255 (br, 2H, H-4), 3.515 (br, 1H, H-3). 
2.3.5. Preparation of the 25, 27-bis (ethylethanoate) calix[4]arene 26, 28 diol 
derivative 
The synthetic procedure for the preparation of intermediate!! is shown in Scheme 10. 
McCN /50°C 
OH 
OH 
7 
Scheme 10 Synthetic procedure for the preparation of25, 27-bis (ethylethanoate) 
calix[4]arene 26, 28 diol (!!) 
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Into a dry 500 cm3 three necked round-bottomed flask equipped with a condenser, a 
solution of! (5.36 g, 12.63 mmol) in dry acetonitrile, 18-crown-6 (0.66 g) and anhydrous 
K2C03 (8. 73 g, 63.2 mmol) were suspended. The mixture was stirred for thirty minutes at 
room temperature. Then ethylbromoacetate (3.5 ml, 31.57 mmol) was added from a glass 
syringe through a seal septa surba. The reaction mixture was refluxed at 50°C for a period 
of,..., 5 hours. 
The reaction was followed by TLC using a developing solvent system formed by hexane: 
ethyl acetate (8:2) mixture. The solvent was removed under reduced pressure. The solid 
afforded was dissolved in dichloromethane, extracted with a saturated solution of sodium 
bicarbonate and then with distilled water. The organic phase was separated and dried with 
magnesium sulphate, then filtered. Dichloromethane was removed by rotary evaporation 
and the solid obtained was recrystallised from hot ethanol. The solution was left 
overnight and the crystals were dried under vacuum at 100° C over calcium chloride. The 
product was obtained in 70 % yield and was characterised by 1H NMR and elemental 
analysis. 
• 
1H NMR (300 MHz, CDCh), o (ppm), J (Hz) o = 7.58 (s, lH, H-7), 7.05, 6.90 (d, 
4H, J=7.8, H-5, H-1), 6.75, 6.65 (t, 2H, J= 7.3, H-6, H-2), 4.73 (s, 2H, H-8), 4.48 
(d, 1H, J= 12.9, H-4), 4.32 (q, 2H, 1=7.20, H-9), 3.39 (d, IH, J= 13.2, H-3), 1.35 
(t, 3H, J= 7.20, H-10). 
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2.3.6. Preparation of the 25, 27-bis (ethanoic acid) calix[4]arene 26,28 diol 
derivative 
The synthetic procedure for the preparation of intermediate £ is shown in Scheme 11. 
KOH I Ethanol 
Overnight 
Ｘｾ＠
HO 
9 
OH 
7 
Scheme 11 Synthetic procedure for the preparation of 25, 27-bis (ethanoic acid) 
calix[4]arene 26,28 diol (£) 
Compound £was accomplished by mixing a solution of!! (0.74 mg, 1.24 mmol) in a 
mixture of THF and MeOH (30:30 ml) and aqueous KOH (2ml, 10% weight) and left 
under stirring overnight at room temperature. 
The organic solvent was removed in vacuo at 70°C, and the remaining aqueous solution 
was acidified to pH 1 by the addition ofHCI (4 mol dm-3) and allowed to stand at 0° C for 
,..., 2 hours. The resulting solid was extracted with dichloromethane and dried under 
vacuum to give 0.62 g of£ as a white product. This compound was obtained in 92- 95 % 
yield and was characterized by 1H NMR in CD30D: CDCh (1 :10) mixture. 
• 
1H NMR (300 MHz, CD30D/CDCL3 (1:10)), 8 (ppm), J (Hz) 8= 7.09, 6.99 (d, 
4H, 1=7.5, H-5, H-1), 6.83, 6.71 (t, 2H, J= 7.5, H-6, H-2), 4.68(s, 2H, H-8), 4.25 
(d, 1H, J= 13.5, H-4), 3.48 (d, 1H, J= 13..2, H-3). 
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2.3.7. Preparation of 25,27-bis[N-(2-hydroxy-1,1-bishydroxymethyl-ethyl)amino-
carbonylmethoxy]-calix[4]arene-26,28-diol (L4) 
The synthetic procedure for the preparation of L4 is shown in Scheme 12 . 
EEDQ, Tris, Pyridine 
reflux 
>=0 
HO 
L4 
Scheme 12 Synthetic procedure for the preparation of L4 
A solution of£ (0.2 g, 0.37 mmol) and 2-ethoxymethoxy carbonyl-1-2-dihydroquinoline 
(EEDQ) (0.28 g, l.ltnmol) in freshly distilled pyridine (10 ml) were suspended in 250 
cm3 three necked-bottom flask equipped with a magnetic stirrer and a condenser. The 
mixture was left to still at room temperature for 2 hours under a nitrogen atmosphere. 
Then tris[hydroxymethyl]aminomethane (0.18 g, 1.5 mmol) was added and the mixture 
was refluxed for a period of 18 hours. 
Subsequently the solvent was removed in vacuo and an oily residue was obtained. It was 
then washed with ethyl ether in order to remove the excess of EEDQ. The crude material 
was dissolved in chloroform and extracted with distilled water several times to remove 
the excess of tris [hydroxymethyl]aminomethane. The organic layer was collected and 
dried over MgS04• Then the solvent was removed in vacuo to afford a crude product 
which was washed again with ethyl ether. The remaining material was dissolved in a 
mixture of ethanol and dichloromethane (90: 1 0) and left overnight. The crystals obtained 
were dried with calcium chloride under vacumn at 80° C. L4 was obtained in 90% yield 
and was characterised by 1H NMR, 13C NMR, Cosy NMR, HMQC NMR and elemental 
analysis. 
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• 
1H NMR (500 MHz, d6-DMSO), 8 (ppm), J (Hz), 8= 8.13 (s, 1H, H-9), 7.98 (s, 
lH, H-7), 7.19, 7.04 (d, 4H, J=7.6, H-1, H-5), 6.82, 6.66 (t, 2H, J=7.5, H-2, H-6), 
4.78 (t, 3H, J= 5.7, H-11), 4.55 (s, 2H, H-8), 4.35 (d, lH, J= 13.1, H-4), 3.73 (d, 
6H, J= 5.7, H-10), 3.48 (d, 1H, J= 13.2, H-3). 
• 
1H NMR (300 MHz, CD3CN), 8 (ppm), J (Hz), 8= 8.38 (s, 1H, H-9), 7.65 (s, 1H, 
H-7), 7.18, 6.99 (d, 4H, H-1, H-5), 6.83, 6.74 (t, 2H, J=7.6, H-2, H-6), 3.84 (t, 
3H, J= 5.4, H-11), 4.54 (s, 2H, H-8), 4.28 (d, 1H, J= 14.7, H-4), 3.76 (d, 6H, J= 
5.70, H-10), 3.50 (d, lH, J= 13.5, H-3) 
• 
1H NMR (500 MHz, CD30D), 8 (ppm), J (Hz), 8= 7.16, 6.93 (d, 2H, H-5, H-1), 
6.78, 6.73 (t, 2H, J=7.5, H-6, H-2), 4.59 (s, 2H, H-8), 4.36 (d, 1H, J= 13.46, H-4), 
3.92 (s, 6H, H-10), 3.49 (d, 1H, J= 1.54, H-3). 
• 
13C NMR (500 MHz, d6-DMSO), 8= 169.68 (CO), 153.8, 153.28, 134.2, 130.07, 
129.58, 128.40, 126.37, 120.15 (Aromatic carbons), 75.58 (OCH2CO), 63.63 
(NH-C-CH2), 61.23 (C-CH2-0H), 31.79 (C bridge). 
• Elemental analysis was carried out in duplicate at the University of Surrey. Found 
and calculated results were in good agreement. 
Calculated%: C, 64.33; H, 6.21; N, 3.75; Found%: C, 64.30; H, 6.25; N, 3.71 
2.4. Characterisation of synthesized products in solution and techniques used 
2.4.1. Partition experiments 
2.4.1.1. Introduction 
An operation frequently used particularly in organic chemistry is that involving the 
partition of a substance from an aqueous-non aqueous solvent system. The underlying 
principle of this method138 involves the distribution of a substance in two immiscible 
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solvents in a fashion which is controlled by the solubility of the substance in each 
mutually saturated solvent. 
The ratio in which the solute is distributed between the two solvents depends, however, 
not only on its solubility in each phase, but also on whether the molecular weight of the 
compound is the same in both phases. For this reason, distribution studies are important 
in chemistry, as a mean of determining the nature of the speciation (monomer, dimer) in 
the appropriate solvent. 
2.4.1.2. Partition experiments for the determination of the ligand species in the 
appropriate solvent. 
Partition experiments were carried out to investigate the speciation of the ligand in the 
solvents of interest. The procedure reported in the literature was used139• Thus the 
solvents methanol/hexane, hexane/acetonitrile were mutually saturated before use. For 
the partition experiments, solutions containing different concentrations of the ligand (L2 
or L3) (1.0 x 10-5- 1.5 x 10-4 mol dm-3) were prepared in methanol or acetonitrile 
saturated with hexane. Equal volumes of these solutions (1 0 cm3) and hexane (saturated 
with acetonitrile or methanol) were placed in separate tubes and shaken for two hours. 
These were left in a thermostat bath at 298.15 K for several hours until equilibrium was 
achieved. Samples of both phases were taken and the equilibrium concentration of the 
ligand in these solvents was determined by UV-VIS spectrophotometry. Blank 
experiments in the absence of the receptors were carried out in all cases. 
2.4.2. Solubility measurements 
The solubility of L2 and L3 in several organic solvents at 298.15 K, were determined as 
described by Danil de Namor140'141 by preparing saturated solutions of these ligands in the 
appropriate solvents. These were placed in a thermostated bath at 298.15 ± 0.02 K for 
several days to ensure that equilibrium was attained between the solid (sol) and its 
saturated solution (s) (eqn. 2.1) 
L(sol) K > L(s) eqn. 2.1 
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Aliquots of the saturated solution were placed into pre-weighed porcelain crucibles. The 
solvent was evaporated carefully using a hot plate. The crucibles containing the solid left 
inside were kept in a desiccator over CaCh and they were weighed until constant weight. 
Separate blank experiments were carried out to ensure the absence of any involatile 
materials in the pure solvent. All analyses were carried out in triplicate. 
Solvate formation was checked by placing a small amount of the ligand on a watch glass, 
over a saturated atmosphere of the appropriate solvent placed at the bottom of a closed 
desiccator142• 
2.4.3. Nuclear magnetic resonance (NMR) spectroscopic studies 
2.4.3.1. NMR techniques used 
2.4.3.1.1. One dimensional NMR experiments 
i) 1H NMR measurements 
• A Bruker AC-300E pulse Fourier Transform NMR Spectrometer. Typical 
operating conditions for routine proton measurements involved pulse or flip angle 
of30°, spectra width (SW) of20.7 ppm, spectral frequency (SF) of300.137 MHz, 
delay time of 1.60 s, acquisition time (AQ) of 1.819 s, and line broadening of 0.55 
Hz. 
• A Bruker DRX-500 pulse Fourier Transform NMR Spectrometer. The operating 
conditions involved pulse or flip angle of 30°, spectra width (SW) of 15 ppm, 
spectral frequency (SF) of 500.150 MHz, delay time of 0.3 s, acquisition time 
(AQ) of 3.17 s, and line broadening of 0.3 Hz. Solutions of the samples of interest 
(9 x 10-4 - 6 x 10-3 mol. dm-3) were prepared on the appropriate deuterated 
solvent. These were placed in 5 mm NMR tubes using TMS (tetramethylsilane) as 
the internal reference. 
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ii) Carbon-13 NMR measurements 
A Bruker DRX-500 pulse Fourier Transform NMR Spectrometer was used for the 
characterisation of resorcarene and calix[4]arene derivatives. The operating conditions 
involved pulse or flip angle of 63°, spectra width (SW) of 298.9 ppm, spectral frequency 
(SF) of 125.78 MHz, delay time of 1.13 s, acquisition time (AQ) of 0.87 s, and line 
broadening of 3.0 Hz. 
2.4.4. Conductometric studies 
2.4.4.1. Conductometric measurements 
The principle of the conductometric measurement143 is based on the principle that when a 
current of electricity flows through a uniform conductor, the strength or intensity of the 
current depends on the difference of potential and the resistance of the conductor between 
two definite points. According to Ohm's law (eqn. 2.2), it is directly proportional to the 
potential, E and inversely proportional to the resistance, R. 
E=IxR eqn. 2.2 
The current I is measured in amperes while the potential difference is expressed in volts. 
The unit of resistance is the ohm. 
The reciprocal of the resistance is termed the conductance, and it is measured in Siemens. · 
The resistance of a sample of homogeneous material of length l, and cross sectional-area 
A is given by: 
R= p l 
A 
eqn. 2.3 
In eqn. 2.3, p is a characteristic property of the material and is called the resistivity, it is 
measured in Q em . 
RxA p=--
1 
eqn. 2.4 
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The reciprocal of the resistivity is the conductivity K ( eqn. 2.5). The units of x: are given 
in S.cm-1 • 
l 1 k=-X-A R eqn. 2.5 
The conductivity, K, of a solution depends upon the concentration of charge carriers in 
the solution. To obtain a measure of the intrinsic ability of a particular type of charge 
carrier to conduct current, the molar conductance Am is defined in eqn. 2.6, 
A = KX1000 
m eqn. 2.6 
c 
In eqn. 2.6, c is the electrolyte concentration expressed in mol.dm-3• The units of Am are 
given in S .cm2 .mor1 • 
A plot of molar conductance, Am, against the ligand I ion (L I ion) concentration ratio 
provides information about the stoichiometry of the complex formed as well as the 
strength of the interaction. 
2.4.4.2. Apparatus 
The conductometric apparatus consists of two components, the Wayne-Kerr Auto balance 
Universal Bridge, Type B642144 and the conductivity cell. Capacitance and conductance 
readings are displayed on two meters during the measurements. Each meter has eight 
decades, four for capacitance and four for conductance. A numbered readout is provided 
for each decade. Small signal lamps are placed between the decade control knobs to 
indicate the decimal points. The control knobs are selected automatically by operation on 
the range switch. The sensitivity of the instrument can be adjusted manually by setting 
the meter sensitivity switch to one of these positions. By making the cell as one of the 
resistance bridge arms (as shown in Fig. 2.1) and subsequently obtaining the balance 
point, the conductivity of the solution is measured. The accuracy of the instrument was 
found to be 0.1 % and this was determined using internal sources. The· calibration of the 
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bridge was carried out by the use of different standard resistances. The conductivity cell 
consists of a cylindrical vessel of about 50 ml capacity containing a pair of black 
platinum electrodes which are connected to two external side tubes filled with mercury. 
Samples were injected through the small hole placed on the cap of the cell. Nitrogen gas 
was passed through the solution prior to the measurements to keep the solution free of 
carbon dioxide. 
A 
I ! B ｾＭＭＭＭＭＭＭＭＭＭＭｾ＠
ＯＬＯＯＮｾＭ ＭＭＭ ﾷﾷＧ＠
If 
Platinum Electrodes 
Fig. 2.1 Schematic drawing of the titration cell in a Wheatstone bridge circuit. In the 
resistance bridge, resistance JS is variable. 
2.4.4.3. Determination of the cell constant 
The method described by Jones and Bradshaw145 was used to determine the constant (B) 
of the conductivity cell. An aqueous solution of potassium chloride KCl (0.1 mol.dm-3) 
was injected in step additions to the conductometric cell containing the solvent (de-
ionised water). The conductance cell was kept in a thermostat bath at 298.15 K. The 
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conductance of water (blank) was measured and subtracted from each conductance 
change measured. 
The corresponding molar conductance Am (ohm-1 cm2 mor1) was calculated using the 
equation of Lind, Zwolenik and Fuoss 146 ( eqn. 2. 7) 
A111 = 149.43- 96.45-J"; + 58.74c loge+ 198.4c 
In eqn. 2.7, c is the molar concentration (mol.dm-3) of the KCl solution used. 
The specific conductivity, K (S cm-1) is shown in eqn. 2.8, 
1 
K=- () 
R 
eqn. 2.7 
eqn. 2.8 
If the reciprocal of the resistance is the conductance and is represented by S (Siemens), it 
follows that, 
K=Sx(} 
The molar conductance, Am is defined in eqn. 2.1 0, 
A = SxBxlOOO 
Ill 
c 
Hence, the cell constant (} ( cm-1) takes the following form 
B= A, XC 
lOOOx S 
2.4.4.4. Conductometric titrations at 298.15 K 
eqn. 2.9 
eqn. 2.10 
eqn. 2.11 
Conductometric titrations involving metal-cation or anion · salts and the appropriate 
macrocycles were carried out in different organic solvents at 298.15 K: To perform these 
measurements, the conductometric cell was filled with an accurate amount of the metal 
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ion or anion salt solution in the appropriate solvent (,..., 25 ml). Then the electrodes were 
inserted into the cell. The solution was continuously stirred during the course of the 
titration. The closed system was placed in a thermostat bath at 298.15 K. After thermal 
equilibrium was achieved, accurate aliquots ofthe ligand (8xl0-4 - lxl0-3 mol.dm-3) were 
added to the conductometric cell containing the metal cation or the anion salt solution 
(5xl0-5 - Ixl0-4 mol.dm-3) in the same solvent. The conductance S(0-1) was recorded 
after each addition once equilibrium was achieved. Thus, plots of molar conductanqes, 
Am (S.cm2 .mol"1) against the ligand: cation ([L]I[M 11+]) molar ratio were drawn. 
2.4.4.5. Conductance measurements of metal- Ion complex salts 
For these experiments, the vessel was filled with the appropriate solvent (25 cm3) and the 
conductance of the solvent was measured. Stepwise additions of the metal-ion complex 
salt solution in the same solvent (,...,2 x 10-3 mol.dm-3) were made. After each addition, 
conductance readings at 298.15 K were recorded. These were performed to determine the 
range of concentrations at which the metal-ion complex salts are predominantly 
dissociated in solution. 
2.4.5. Titration calorimetry 
Titration calorimetry was used to determine the enthalpy of complexation and the 
stability constant of resorcarene and calixarene derivatives with different metal cations 
and anions in different solvents. From stability constant data, Gibbs free energies of 
complexation were calculated. Combination of Gibbs energies and enthalpies led to the 
calculation of entropies of complexation. Calorimetric titrations were carried out in the 
Tronac 450 calorimeter and the Thermal Activity Monitor TAM 2277 microcalorimetric 
system. A brief description of these equipments is now given. 
2.4.5.1. The Tronac 450 Calorimeter. 
The Tronac 450 calorimeter is a commercial version of the solution calorimeter designed 
by Christensen and Izatt147'150• 
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Fig. 2.2 shows the isoperibolic calorimeter (temperature of the surroundings is 
constant)151 • It consists of a silvered plated glass Dewar reaction vessel (50 cm-3) and a 
burette (2 cm-3) connected to the vessel by a silicon tube. The metal cation salt solution in 
the ｶ･ｾｳ･ｬ＠ was stirred continuously throughout the titration reaction by means of a 
stainless steel stirrer. The vessel, burette, and the titrant tube were all submerged in a 
thermostated water bath at 298.15 ± 0.02 K. The solution of the metal cation or anion salt 
was titrated from the burette into the vessel that contained the appropriate ligand prepared 
in the same solvent. 
The resulting temperature change in the reaction vessel was sensed by the temperature 
sensor (thermistor), converted to a corresponding voltage in a Wheatstone bridge circuit 
and recorded on a strip-chart recorder to obtain the thermogram. 
Fig. 2.2 
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2.4.5.1.1. Calibration of the Tronac 450 
i) Calibration of the burette delivery rate (BDR) 
The BDR is determined with the aim of calculating the volume of titrant added at various 
time intervals during the course of the titration. 
The burette was filled with water ensuring the absence of air bubbles in both the burette 
and the titrant tube. The water was delivered over accurately measured time intervals and 
collected in a pre-weighed vessel (5 cm3). 
The weight collected in each run was measured. Taking into account the density of water 
at 298.15 K, the BDR was calculated using eqn. 2.12, 
BDR= Wt 
pxt 
eqn. 2.12 
In eqn. 2.12, Wt (g) is the weight of water collected in each run, p (0.997 g.cm-3) 153 the 
density of water at 298.15 Kandt (sec) is the time for a single run. 
ii) Chemical calibration 
The enthalpy of protonation of TRAM (tris(hydroxymethyl)-aminomethane) in 0.1 
mol.dm-3 RCl at 298.15 K was suggested as the standard thermochemical reaction154• and 
was used to check the accuracy and the reproducibility of the equipment. 
TRAM was ground and dried at 120°C overnight. An aqueous solution of TRAM (0.25 
mol.dm-3) was prepared, filled in the burette and titrated into the reaction vessel 
containing an aqueous solution ofRCl (0.1 mol dm-3, 50 cm-3) and the heat was recorded. 
The reported enthalpy ofprotonation of TRAM at 298.15 K is -47.49 kJ. mol155- 157 
The heat of reaction Q,. was corrected for the heat of hydrolysis of TRAM in water, Qh, 
and for the heat of dilution, Qd, in RCI. Thus, 
eqn. 2.13 
In eqn. 2.13, QP is the heat ofprotonation ofTHAM. 
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Therefore, the enthalpy ofprotonation, jj.PH, (eqn. 2.14) is given by 
ｾ＠ H=QP 
P n 
eqn. 2.14 
In eqn. 2.14, n is the number of moles of TRAM added in each titration. 
iii) Electrical calibration 
The determination of the enthalpy change using calorimetry is always comparative. To 
calculate the heat values, Q , from the set of data obtained in a calorimetric titration, the 
calibration experiment is carried out where a known amount of energy is introduced into 
the reaction vessel of the calorimeter used during the titration experiment. Then the heat 
effect observed during the reaction is compared with that observed during the electrical 
calibration. Because it is not possible to get the input in the calibration experiment equal 
to the heat involved in the reaction experiment, a proportionality factor, "the calibration 
constant" 8, defined as the heat capacity of the calorimetric system (J.K-1) is used. 
Thus, 8 is related to the amount of heat produced, q and to the corrected temperature 
change, d, (mm) through eqn. 2.15, 
Q=sxd eqn. 2.15 
After each titration experiment, a constant current is introduced to the reaction vessel 
through a resistance heater over a measured period of time, t (s). During this time 
interval, the potential across the standard resistance and the reaction vessel resistance 
heater, ｾ｡ｮ､＠ v; respectively, are measured. From this experimental data, e, is calculated 
using eqn.2.16, 
V.x"V;xt 8 = ---=..-_;;;_-
Rxd 
eqn.2.16 
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In eqn. 2.16, R = 100.02 Q, is the calorimeter internal resistance and d is the corrected 
temperature change. 
Then, the molar enthalpy change for a titration run is calculated using eqn. 2.17, 
eqn. 2.17 
In eqn. 2.17, n is the number of moles of the titrant added in each step. 
In order to obtain the highest accuracy, an electrical calibration experiment was 
performed after each reaction run. 
2.4.5.1.2. The thermogram 
The thermogram as illustrated in Fig. 2.3, is a plot of temperature versus time of titration 
that corresponds to the number of moles of titrant added during the course of the titration. 
a b c 
Time (sec) 
Fig. 2.3 A typical thermogram of an exothermic reaction 
A typical thermogram consists of three regions: 
(a) It involves the heat produced by stirring, the thermistor and the heat leaks before the 
reaction starts. 
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(b) It is the heat rise in the reaction vessel due to the addition of the titrant, the effect of 
dilution of titrant and titrand, the difference in temperature between the titrant and titrand 
and other effects mentioned for region (a). 
(c) It represents the end of the reaction, and this is subject to the same effects as those 
described for region (a). 
2.4.5.1.3. Calculation of the temperature change, d 
The graphical extrapolation based on Dickinson's method158 was used for the calculation 
of the temperature change obtained in the complexation reaction. 
In an electl'ical calib1·ation expel'iment ( 
Fig. 2.4 (a), the heat evolution is usually linear with time, and the extrapolation is carried 
out using the time at which half the final temperature rise has occurred (0.5 ｾｔＩＮ＠
In a chemical l'eaction ( 
Fig. 2.4 (b)), the rate of heat produced is exponential. The mean temperature of the 
reaction period, T, will occur at the time when 63% of the total heat 
evolved 158 ( 0.63 = I -;) . The linear part of the calorimetric curve is extrapolated to this 
time to obtain the corrected temperature change; d = 0.63 L\ T, where L\ T is the total 
temperature rise in strip chart units (mm). 
(a) (b) 
______ -:...-:..-::-=.-:::.- s, 
] 1 ＭｾｾｾＭＭＭＭＭＭＭＭＭＭ
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Fig. 2.4 
Experimental 
A schematic plot of temperature versus time showing the extrapolation for 
obtaining the corrected temperature rise in the case of (a) an electrical 
calibration and (b) a titration chemical reaction 152 
2.4.5.2. The Thermal Activity Monitor TAM 2277 
The 2277 Thermal Activity Monitor is a four-channel heat conduction microcalorimeter 
designed by Suurkuusk and Wadso 159• It is a calorimeter designed to monitor a wide 
range of chemical and biological reactions. 
Fig. 2.5 
.a.---t-i 
... ｾＭＫＭ ＭＭ ＭｲＭｨ＠
Thermal Activity Monitor (TAM 2277), The four channel heat conduction 
calorimeter; a: electronic console, b: inner lid, c: outer lid, d: water bath, e: 
twin calorimeter, f: pump outlet tube, g: polyurethane foam insulation, h: 
centrifugal pump. 
Thermal events producing fractions of a microwatt can be observed using the Thermal 
Activity Monitor which means that temperature differences less than 1 o-6 °C are 
detectable. 
The Thermal Activity Monitor utilises the Heat Flow Leakage principle, where heat 
produced in a thermally-defined vessel flows away in an effort to establish thermal 
equilibrium with its surroundings (Fig. 2.6). Exceptional thermal stability is achieved by 
utilising a 25 dm3 water thermostat which surrounds the reaction measuring vessels and 
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acts as an infinite heat sink. Reactions can be studied within 5-80 C, the working 
temperature range of the thermostat. Up to four individual measuring vessels can be 
housed in the water thermostat, where these are maintained at a temperature, constant to 
within ± 2 x 10-4 °C to allow fractions of a microwatt to be measured routinely. Heat 
energy from an active sample in the reaction vessel is channelled through extremely 
sensitive thermopile blankets "the Peltier elements" positioned between the sample 
container and the heat sink, before escaping to the heat sink. These highly sensitive 
detectors convert the heat energy into a voltage signal proportional to the heat flow. 
Results are presented as a measure of the thermal energy produced by the sample per unit 
of time. 
Hat Heat mt.. 
Fig. 2.6 Schematic drawing of the heat flow principle 
The main advantages of this type of calorimeter are i) their high sensitivity over a long 
period of time, ii) the small quantities of samples required to carry out a titration reaction 
and iii) the high level of precision which is due largely to the stability of the heat sink 
surrounding the measuring cylinders. This is very important if slow reactions are to be 
studied. 
The vessel within the perfusion cell was inserted stepwise using three indicated 
equilibrium positions. The stainless steel titration vessel used was incrementally filled 
with the titrant into the cell by a gas tight Hamilton micro-syringe connected to a 
computer program. The long stainless steel needle fixed to the syringe reaches the 
calorimetric cell. Efficient stirring is maintained by using a turbine stirrer 160 to ensure 
effective flow of the liquid inside the vessel. 
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2.4.5.2.1. Calibration of the four-channel heat conduction calorimeter 
i) Electrical calibration experiments 
The aim of the static electrical calibration is to ensure that the heat generated by the 
calibration resistor is equal to the heat measured by the instrument. It should be 
irrespective of the type of application the TAM is used for. During the electrical 
calibration, a known current is passed through the appropriate channel heater resistor, and 
because the resistor value is known, a specific thermal power is dissipated. The recorder 
deflection due to this thermal power gives a calibration level which may then be used to 
determine quantitative experimental results. 
It is recommended to calibrate electrically although this may not reflect the whole 
situation of a chemical reaction experiment159 .Thus, the standard chemical reaction 
suggested by Briggner and Wadso 161 was performed. 
ii) Standard chemical reaction 
The standard reaction used was that involving the complexation of 18-crown-6 (18-C-6) 
and the barium cation in water at 298.15 K. This experiment was conducted by Dr. M. 
Shehab at the Thermochemistry Laboratory. A solution of 18- crown- 6 in water (2.8 
cm3, ,...,4 x 10"4 mol.dm-3) was placed in the calorimetric vessel and titrated with an 
aqueous solution of BaC12 (,...,9 x 10"3 mol.dm"3). The heat change was recorded. Finally, 
separate dilution experiments of the salt were performed by adding the barium salt 
solution to water at 298.15 K and measuring the heat evolved. Consequently, the heat of 
Ba2+ -(18-C-6) complexation in water was corrected for dilution. The values obtained (log 
Ks = 3.75 ± 0.05, 8cH0 = -31.3 ± 0.3 kJ. mor1) were compared with those reported in the 
literature161 • 
iii) Heat corrections 
The total heat produced in the reaction vessel of the microcalorimetric titration 
experiment does not only involve the heat of complexation but also other heat effects 
originated from side effects. Those are due to the following facts: 
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• Heat resulting from the dilution of the titrate. A heat effect may result from 
dilution of the titrant when it is added to the titrand solution. A separate 
experiment for the titrant was performed to establish the heat of dilution of the 
reaction in the appropriate solvent. Thus the total heat was corrected by 
subtracting the heat of dilution from the heat of complexation. 
• The temperature difference between the titrant and the titrate. During the 
titration experiment, the temperature difference between both, the titrate and the 
titrant may add a small but still an extra effect in the reaction experiment. This 
must be subtracted. However this will be corrected consequently upon subtracting 
the heat resulting from the dilution of the titrate. 
2.4.5.3. Experimental procedures used in titration calorimetry 
In order to carry out these measurements, the calorimetric vessel was filled with the 
ligand solution (50 cm3' 1 X 1 o-3 - 3 X 1 o-3 mol.dm-3) for L2, (50 cm3' 8 X 1 o-4 mol.dm-3) 
for L3 and L4 in the appropriate solvent. It was immersed into the thermostated bath until 
thermal equilibrium was reached. A solution of the metal-ion or anion salt in the same 
medium was added stepwise from the burette into the vessel. The temperature changes 
were monitored on a chart strip recorder. An electrical calibration was carried out after 
each experiment. These experiments were repeated at least three times for each titration 
involving functionalised resorcarene and calix[4]arene ligands with different metal 
cations and anions. Blank experiments were carried out in all cases to account for heat of 
dilution effects resulting from the addition of the metal cation or anion salt solution to the 
solvent in the calorimetric vessel. Although in a few cases, it was not possible to 
determine the stability constant of the complex because it was very high, this technique 
was used for the determination of the L\0H values. This was the case of the complexation 
ofL2 with Ag+ in methanol. 
Micorcalorimetric titration using the 2277 Thermal Activity Monitor were used to 
confirm the values of the stability constant and the heat of complexation of the 'results 
obtained with the Tronac calorimeter. Those were carried out by M. Shehab and I. Abbas 
at the Thermochemistry Laboratory. An average for duplicate experiments is reported in 
this thesis. In this experiment, the vessel was filled with a solution of the ligand in the 
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appropriate solvent (2.8 cm3' 8 X 1 0"3 - 8 X 1 o-4 mol.dm"3). A solution of the ion-salt 
(metal cations or anions) in the same solvent (concentrations used were about ten times 
higher than that of the ligand, 8 x 10"2 - 8 x 10"3 mol.dm-3) was injected from a 0.5 cm3 
gas-tight Hamilton syringe (24 injections; 0.012 cm3 for each run). This syringe was 
attached to a computer-operated syringe drive, at an average of thirty minutes intervals. 
Blank experiments were carried out in all cases. The experiments were carried out in-
duplicate. 
2.4.5.3.1. Calculation of log Ks and AcH values 
Calorimetric titrations were used for complexation processes where ｶｾｬｵ･ｳ＠ of log Ks were 
lower than 6 for the process represented by eqn. 2.18 
eqn. 2.18 
In order to calculate log Ks and the enthalpies of complexation, ｾ｣ｈＬ＠ the following 
equations were considered after each titration, 
[L]r =[L]+[Mn+L] 
[Mn+]r = [Mn+] + [M"+ L] 
eqn. 2.19 
eqn. 2.20 
In eqns 2.19 and 2.20, [M 11+], [L], and [M 11+ L] denote the molar concentrations of the 
free metal cation, ligand and metal-ion complex in solution respectively, while [M 11+]r 
and [L]r denote the total molar concentration of the metal cation salt and the ligand 
respectively. Assuming that the activity coefficient of these solutions are close to unity, 
the Ks can be termed by eqn. 2.21. 
eqn. 2.21 
For titrations carried out with the Tronac calorimeter, a computer program written in 
BASIC was used for the simultaneous calculation of log Ks and ｾ｣ｈ＠ values, while those 
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performed with the TAM calorimetric, a computer program Digitam 4.1 for Windows 
from Thermometric AB and Scitech Software AB, Sweden) was used. It utilises 
sophisticated non-linear minimisation algorithms 162,163• 
•!• Data treatment for 1:1 (metal cation:ligand) complexation 
For the incremental formation of the ligand : cation complex, the heat of the reaction 
from the start of the titration to any point n, Qn is given by 
Qn =8Hx8nLM =8Hx[LMn+]xV eqn. 2.22 
where M is the enthalpy change for the reaction and l.l.nLM is the number of moles of 
LMn+ formed from the start of the titration to point n. l.l.nLM can be easily calculated if 
the Ks value is known. However, if the Ks value is unknown, an estimated value can be 
used instead. In this case, a corresponding l.l.nLM value can be derived and the t:,.H can 
then be obtained at a given point n from eqn. 2.22. These should be repeated for every 
stepwise addition using the same approximated Ks value. The M and Ks values are 
constant for a given reaction and therefore, the calculated enthalpy change at I 00 % 
reaction is expected to be the same for each point. If this is not the case, a new 
approximate K value was chosen and M was calculated. Finally, the exact Ks was 
found for which the enthalpy value is the same at each point of the titration. These were 
the correct Ks and M values for the reaction described in eqn. 2.18 . 
Generally, the stability constant and enthalpy values can be obtained by a lit:lear least 
square estimation algorithm method from a set of m measurements. This method 
minimizes the sum of squared differences, U, between the experimental and the 
calculated values of Q as shown in eqn.2.23 
U = L{Qexp -Qcal )2 = L{Qexp -!1.Hxt).nLM )2 = L(Qexp -!1.Hx[LMn+]xVt eqn.2.23 
m m m 
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The determination of the stability constant, K8, involves an iterative process in which 
assumption of new sets for Ks with subsequent evaluation of the error function, U, until 
optimal values for Ks and llcHi are obtained, so that U is minimal. 
Rearrangement of eqn. 2.21 gives eqn. 2.24, 
eqn. 2.24 . 
The negative solution of the above quadratic equation is guaranteed to fulfil the necessary 
constraints [LM"+] > 0 and [L]r > [LMn+] and is given in eqn. 2.25, 
eqn. 2.25 
Having calculated [LMn+], the enthalpy change value can be found using a linear least 
square optimalisation algorithm given in eqn.2.23. 
In practice, the computer programs used for the calculation of Ks and llH were 
developed at the Thermochemistry Laboratory164• The first program is applied to 
calculate the total concentrations of the ligand and the ion salt in the reaction vessel after 
each addition of the titrate from the burette as well as the corresponding heat corrected 
for the dilution effect. The second one calculates the Ks and M values for the reaction 
under investigation using the data derived from the first program. 
82 
Chapter 2 Experimental 
•:• Data treatment for 2:1 (metal cation-ligand) complexation reactions 
The 2:1 (metal cation :Ligand) complex stoichiometry can be expressed in the following 
equations: 
L+Mn+ Kst Ｉｾ＠
ｾ＠ + Mn+ Ksz ) ｌｍｾｮＫ＠
L+2Mn+ ｾｌｍｾｮＫ＠
eqn. 2.26 
eqn. 2.27 
Thus, the derivation of the stability constants in both equilibria gives the following 
equations, 
eqn. 2.28 
and 
eqn. 2.29 
Solving the above system of simultaneous equations lead to the following equation 
a[LMn+p +h[LMn+f +c[LMn+]+d = 0 
The coefficients a, b, c and dare expressed in equations 2.30-2.33. 
eqn. 2.30 
eqn. 2.31 
eqn. 2.32 
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eqn. 2.33 
One of the three solutions of the above cubic equation is guaranteed to satisfy the 
following boundary conditions. 
• [LMn+]> 0 
• [LMin+]> 0 
• ｛ｌｍｮＫ｝Ｋ｛ｌｍｩｮＫ｝ｾ｛ｌ｝ｲ＠
• [LMn+] + 2[LMin+] ｾ＠ [Mn+]r 
The value for [LM2n+] can then be calculated using eqn. 2.34 
K8 [LMn+]([Mn+]r -[LMn+J) [LM2n+] = _2 _ __ ｾＭＭＭＭＭ｟ＮＮ［Ｎ｟＠
2Ks
2 
[LMn+] + 1 
eqn. 2.34 
Similarly to 1:1 complexation processes, K8 and K8 values were estimated repeatedly 1 2 
and the magnitude of the sutn of squared errors U, given in eqn.2.23, 'Yas calculated for 
each set of K81 and Ks2 values until a minimum, U, was attained and optimal values for 
Ks
1
, Ks
2
, ilcHI and tl.cH2 were obtained. 
The measured heat in each titration step is directly related to the complexation enthalpy, 
!l.cH. The standard Gibbs energy, !l.cG0 , and the entropy of complexation, !l.cS0 , were then 
calculated from eqn. 2.35 and the Gibbs- Helmholtz equation (eqn. 2.36). 
eqn. 2.35 
eqn. 2.36 
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In these equations, R is the gas constant (8.314 J.mor1.K-1) and T is the temperature in 
Kelvin. 
As mentioned before, the Ks value can only be calculated from direct titration 
calorimetry for complexes where log Ks values are lower than six. However, the enthalpy 
of complexation can be found regardless of the stability constant value. For stable 
complexes (log Ks > 6), 100 % complexation is assumed and the number of moles of the 
cmnplex formed during the titration is taken as equal to the moles of the reactant added 
from the burette to the reaction vessel (for the reaction of 1:1 stoichiometry). 
Measurements are taken until the concentration of the titrate added becomes equal to the 
concentration of the reactant in the vessel ([L ]T= [Mn+h ). In such cases, the flcH was 
calculated from eqn. 2.17. 
2.4.6. Potentiometric titrations 
2.4.6.1. General operating conditions 
A metal immersed in a solution containing its own ions represents a half cell. Two 
combined half cells form an electrochemical cell. The electrochemical potential (E) can 
be measured across the two terminals of the cell165• 
The electrochemical cell166•167 illustrated in Fig. 2. 7 is built from half-cells consisting of a 
silver wire introduced in a solution containing silver cations. Each half cell was immersed 
in separate jacket-thermostated glass vessels containing silver cation solutions, 
maintained at 298.15 ± 0.05 K using a thermostated bath. A separating salt bridge filled 
with a saturated solution of tetra-n-butylammonium perchlorate (TBAP) (0.05 mol.dm-3) 
was used to join both half-cells to allow the flow of ionic charge between the electrolyte 
solutions of both half cells. A constant ionic strength was maintained by using the same 
high concentrations of TBAP solution in all solutions in these titrations. The two 
electrodes in electrical contact with the solutions were connected to a digital micro-
processor pH/m V -meter CAMLAB model HI 8417, used to measure the potential 
changes during the course of the titration. 
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The electromotive force (emf) of this cell is a measure of the difference in potential 
between the working electrode (whose potential depends on the metal cation activity, 
a + in solution), and the reference electrode (constant potential). The changes in emf 
Ag 
observed during the titration experiments are due to the potential changes of the working 
electrode. 
Ag 
Fig. 2.7 
-
ｾ＠
ｾ＠
! 
Salt bridge 
(TBAP solution) 
-
!= 
Indicator cell 
Ag+(MeOH) 
0.05M(TBAP) (MeOH)0 .05M(TBAP) 
ｾ＠
'= 
Reference cell 
AgC/04 , (MeOH) 
MeOH,0.05M(TBAP) Ag 
Electrochemical cell used for the determination of the stability constants 
of metal-ion complexes in non-aqueous media. 
In Fig. 2.7, the double vertical line indicates the liquid junction between the solutions in 
both cells and the TBAP solution in the salt bridge, while the single vertical line 
represents the phase boundary between the silver electrode and the sample solution in the 
indicator half cell. 
2.4.6.2. Calibration of electrodes 
This experiment was performed prior to each titration in order to check the performance 
and the reliability of the electrode. Thus the vessel containing the indicator electrode was 
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filled with a solution of TBAP (0.05 tnol dm-3) and the one containing the reference 
electrode were filled with AgCl04 solution ＨｾＱ＠ x 10-3 mol dm-3, 10 cm3). The connection 
of the two vessels was made by a salt bridge containing a solution of TBAP. Potential 
readings were performed. The solutions were left for ｾＳＰ＠ minutes to reach equilibrium. 
This was followed by the addition of silver perchlorate salt solution (""'1x10-3 mol dm-3) 
into the half cell containing the indicator electrode. At least ten additions were performed 
and the potential readings ( m V ) were taken after each addition and plotted versus -
log[Ag+]. 
According to the Nernst equation, the slope evaluates the behaviour of the electrode. 
2.4.6.3. Potentiometric titration for the determination of stability constants 
In this work, the stability constant of L3 with silver the cation salt solution in MeOH as 
solvent was determined at 298.15 K. Thus the ligand solution (8.5 x 104 mol dm-3) was 
prepared in a TBAP solution (0.05 mol dm-3) in the appropriate solvent. In this 
experiment, the indicator electrode was placed into a solution of silver perchlorate of 
known concentration (1.09 x 10-3 mol dm-3) reaching thermal equilibrium, the solution 
was titrated with a solution of the ligand which was prepared in a solution of TBAP 
solution (0.05 mol dm-3) in the appropriate solvent167• Potential readings were taken after 
each addition and were used for the calculation of the stability constant. 
The calculation of the stability constant is discussed in section 3.8.1.2 (Chapter 3). 
2.4.7. Preparation and isolation of metal-ion resorcarene complex 
Excess quantities of the mercury-ion perchlorate salt and L2 dissolved in acetonitrile 
were mixed in a dust free flask. The flask containing the saturated solution was covered 
with aluminium foil containing small holes and was placed in the dark. Therefore the 
solution was allowed to cool slowly at room temperature over a period of several days 
until crystals were formed. The crystals, kept in their mother liquor were analysed by 
Prof. E. E. Castellano and Dr. Oscar E. Piro at the Institute de Ffsica de Sao Carlos, 
Universidade de Sao Paulo, C. P. 369, 13560 Sao Carlos (SP), Brazil. . 
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2.4.8. UV Spectrophotometric studies 
UV spectrophotometry was used mainly for the determination of the concentration of the 
ligand in two different organic solvents (acetonitrile and methanol saturated with hexane) 
in order to determine whether resorcarene derivatives are as monomers or dimers in the 
relevant solvents as explained in Section 2.4.1.2. During the experiments, the UV spectra 
ofL2 and L3 were recorded in the 200 to 350 nm wavelength range using the CECIL CE 
7200 spectrophotometer. It was also used to investigate the extraction ability of L2 for 
silver-ion picrate in DCM saturated water and this is now discussed. 
2.4.9. Solvent extraction of metal-ion picrates 
Distribution experiments in the absence and in the presence of the macrocycle were 
carried out in order to evaluate the extraction ability of a macrocycle dissolved in an 
organic phase (saturated with water), for metal cation salts in water saturated with an 
organic phase. 
In this thesis, the extraction of silver pi crates (AgPic) by L2 was performed in a mutually 
saturated water-dichloromethane solvent system at 298.15 K. Silver picrate (AgPic) was 
prepared by reacting silver oxide with picric acid in hot water. The isolated crystals 
(yellow colour) were recrystallised twice from ethanol and once from water and stored in 
a dark place under vacuum. 168 
The determination of the extraction constant for the system given above requires 
information regarding the stoichiometry of the process and the speciation in the solvent. 
Therefore, conductance measurements were performed in dichloromethane saturated with 
water at 298.15 K (see Section 2.4.4.4). 
2.4.9.1. Calibration curve 
Solutions (10 test tubes) of metal picrates (concentration range 1 x lo-s to 1 x 10-4 ｭｾｬ＠
dm-3) were prepared in water saturated with DCM. This concentration range was used in 
the distribution experiments of AgPic in the absence and presence ofL2. 
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The solutions were left in a thermostated bath at 298.15 K for two hours to attain thermal 
equilibrium. Absorbance readings for the metal-ion picrate solutions were recorded on a 
CECil 8000 Series Spectrophotometer. 
A quartz cuvette with a length of 1 em closed with a Teflon lid to prevent evaporation or 
contamination of the solution was used to measure the absorbance of the solutions under 
investigation. The baseline was recorded against the solvent used. 
All measurements (calibration, distribution in the presence and absence of ligand) were 
made in triplicate. Beer's law was obeyed in the range of concentration used. 
2.4.9.2. Distribution of silver picrates in the water-dichloromethane solvent 
system 
The concentration of silver picrate solution was initially determined by titration 
experiment using sodium chloride solution (0.0 14 M, 25 ml) and potassium chromate as 
indicator. A volume of 10 ml was used to reach the end point. 
The calculated concentration (0.035 M) was used as standard for the preparation of 1 x 
10-4 mol dm-3 of silver (as picrate) solution. The latter was again used for the preparation 
of different concentrations of this salt in the distribution and the extraction experiment. 
A series of solutions (1 0 test tubes) of different concentrations of metal-ion pi crates (1 x 
1 o-s to 1 x 1 o-4 mol dm-3) were prepared in water (saturated with DCM). A volume of 10 
cm3 of each of these solutions was mixed with an equal volume of DCM (saturated with 
water). These were shaken for 30 minutes and left in a thermostated bath at 298.15 K for 
24 hours prior to performing UV measurements on aliquots of the equilibrium solutions 
in aqueous medium (saturated with the organic solvent). 
2.4.9.3. Extraction of metal ion picrates by L2 in the water-dichloromethane 
solvent system 
A series of solutions (10 tubes) of different concentrations ofL2 (1 x 10-5 to 1 x 104 mol 
dm-3) were prepared in DCM (saturated with water). A volume of 10 cm3 of each of these 
solutions was mixed with an equal volume of a solution of the metal-ion picrates (1 x 1 o-4 
mol dm-3) prepared in water (saturated with DCM). All tubes were shaken for 30 minutes 
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and left in a thermostated bath at 298.15 K for 24 hours. After equilibrium was reached, 
aliquots of the aqueous phase were taken and analysed for pi crates in the aqueous phase. 
2.4.10. Quantitative determination of dihydrogen phosphate in water 
Solutions used were prepared as follows, 
i) Ammonium molybdate reagent: The solution was prepared by dissolving 
ammonium molybdate (NH4)6Mo7024AH20 (25 g) in distilled water (175 cm3). 
Cautiously, concentrated H2S04 (280 cm3) was added to distilled water (400 cm3). 
The acid solution was cooled down, the molybdate solution was added and the entire 
mixture was diluted to 1 litre. 
ii) Tin(Inchloride reagent: Stannous chloride dehydrate, SnCb.2H20 (2.5 g) was 
dissolved in glycerine (1 00 cm3). The mixture was gently heated until cmnplete 
dissolution of the salt in this solution. 
iii) Stock solution of potassium dihydrogen phosphate in water: Potassium 
dihydrogen phosphate, KH2P04 (0.0 180 g) was dissolved in 1 litre de-ionised water 
for the preparation of 1x1 o-4 mol.dm-3 solution of phosphate. 
In a 25 cm3 conical flask containing the water sample to be analysed, ammonium 
molybdate solution (1 cm3) was added and the flask was swirled to mix the components. 
Two drops of tin (II) chloride solution were added and mixed by swirling. In the presence 
of phosphate, a blue colour develops in a short period of time (5 minutes). All 
measurements were taken in the same time interval (5 min after adding stannous 
chloride). This analysis was also carried out in the de-ionised water used in the 
preparation of the solutions to ensure the absence of phosphate anions. 
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2.4.11. Extraction of hydrogen phosphate using the polymeric material (preliminary 
results) 
For this experiment, 0.1 g of the modified silica (M-Si) and of the polymeric material 
were each weighed and added to a two test tubes containing 10 ml of the same 
concentration of dihydrogen phosphate anion salt prepared in de-ionised water. The tubes 
were then shaken on a vibromixer for about 2 min to ensure homogenous mixing, sealed 
and then left overnight in a thermostated water bath at 298.15 K. Minisart filters (0.45 
Jlm) were used to separate the phosphate anion solution form the solid phase. A known 
volume of the equilibrium solution was then analysed for the presence of dihydrogen 
phosphate anion using CECIL 8000 UV-VIS spectrophotometer. 
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3. Results and Discussion 
Results will be discussed under two headings, Resorcarenes and Calixarenes 
Resorcarenes 
3.1. Synthesis and characterisation of calix[4]resorcarene derivatives (Ll), (L2) 
and (L3) 
2 
5 4 
Ll L2 
L3 
The synthesis of the calix[4]resorcarene starting material was accomplished as described 
in the previous Chapter following the Neiderl-Hogberg procedure169 using resorcinol and 
acetaldehyde in acidic media. Appendix 1 shows the 1H NMR in d6-DMSO at 298 K. 
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Five signals are shown corresponding to the phenolic protons (singlet, downfield), the 
aromatic protons (two singlets, downfield) and the bridge proton which corresponds to H-
4 (quartet) and H-5 (doublet, upfield). 
The thiomethylation reaction of Ll with ethanethiol, carried out by the Mannich type 
reaction afforded L2. The two different routes used for the functionalisation were 
successful using ethanoic acid (Method A) or triethylamine in a mixture of ethanol and 
chloroform (Method B) (see Sections 2.3.2.1 and 2.3.2.2). The reaction using method B 
afforded a better yield than method A. Therefore this was the method followed for the 
preparation of L2. The characterisation of L2 was carried out using 1H NMR and 13C 
NMR, microanalysis and X-ray crystallography. The 1H NMR of L2 in several non-
aqueous solvents, namely, CD30D, CD3CN, CDCh, and d6-DMSO were recorded 
(Appendix 2). The chemical shifts of the protons together with the chemical shift changes 
from acetonitrile to other solvents are listed in Table 3.1. 
Table 3.1 
CDCb 
1H NMR data for L2 in several deuterated solvents at 298 K. 
1 2 3 
7.54 7.38 4.53 
7.23 4.57 
o (ppm) 
ｃｾｯＩ＠
4 
1.74 
1.69 
5 6 
3.80 2.37 
3.77 2.37 
7 
1.15 
1.11 
(-0.15) (0.04) (-0.05) (-0.03) (0.00) (-0.04) 
7.95 7.30 4.59 1.75 3.87 2.39 1.22 
(0.41) (-0.08) (0.06) (0.01) (0.07) (0.02) (0.07) 
8.68 7.44 4.44 1.71 3.69 2.44 1.16 
(1.14) (0.06) (-0.09) (-0.03) (-0.11) (0.07) . (0.01) 
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Inspection of the chemical shifts of the protons for this receptor in several deuterated 
solvents gives a qualitative assessment of the behaviour of this ligand in solution. It is 
observed that the chemical shift for H-1 corresponding to the OH of L2 is the one 
changing most significantly in relation to other protons in the molecule. Downfield 
shifting was observed in going from CD3CN to d6-DMSO ＨｾＸ＠ = 1.14 ppm) and to CDCh 
ＨｾＸ＠ = 0.41 ). d6-DMSO is a protophilic aprotic solvent and therefore due to its basic 
character, is able to enter hydrogen bond formation with the OH protons. In a solvent 
such as CDCh which has a low dielectric constant, hydrogen bond formation between the 
hydroxyl group of the resorcarene derivative units might occur which may result in 
downfield shift of the OH proton (H-1). The disappearance of the signal for the OH 
proton in CD30D was observed. CD30D is a protic solvent that is able to enter hydrogen 
bond formation with the OH protons. Fast exchange with the bulk CD30D may also 
occur. In both cases, deshielding effect of this proton will cause its signal to shift 
downfield and probably out of the range of the spectrum. 
The presence of the pendant arm containing sulphur donor atoms leads to significant 
deshielding effects relative to Ll in the hydroxyl (8.52 to 8.68 ppm), the aromatic (6.76 
to 7.44 ppm) and methylene (1.30 to 1.71 ppm) protons. However the aromatic proton 
located between the two hydroxyl groups disappear. In addition 1H NMR spectrum d6-
DMSO ofL2 shows a singlet at 3.69 ppm (H-5), an upfield quartet at 2.44 ppm (H-6) and 
upfield triplet at 1.16 ppm (H-7). 
Partial functionalisation of calix[ 4 ]resorcarene using ethanethiol as pendant arm was not 
possible by following the high yield procedure (Method B) used for the preparation of the 
fully substituted ligand (L2). Treatment of Ll with ethanethiol in the presence of 
formaldehyde and ethanoic acid (Method A), afforded L3 in 45% yield. The 
recrystallisation was carried out twice from acetonitrile in order to obtain pure crystals. 
Characterisation of L3 was carried out by different NMR techniques. Proton and carbon 
identification numbers are shown in Fig. 3 .1. 
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tHO 
(a) (b) 
Fig. 3.1 Identification of ligand (L3) (a) protons and (b) carbons. 
1H NMR in CD30D (Fig. 3.2) exhibited sharp signals for all the protons and reveal the 
same environment for all protons in the various resorcinol units. Furthermore, the 13C 
NMR spectrum of L3 in CD30D (Fig. 3.3) reveal the symmetrical structure of L3 given 
that 13 carbons are undoubtedly observed in the spectrum. The interpretation of the 
spectra was not fully concluded from one dimensional NMR spectroscopy. Therefore, 
two dimensional NMR spectroscopy was used to identify the carbon and proton signals, 
particularly those corresponding to the aromatic ones. 
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Fig. 3.3 13C NMR spectrum recorded (500 MHz) for L3, in CD30D at 298 K. 
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The 2D spectrum provides a simple map of connectivities in which a crosspeak correlates 
two attached nuclei, as seen in the 1H-13C HMQC spectrum in Fig. 3.4. This illustrates 
the most significant features of the experiment when applied to structural problems. The 
ability of transferring known proton assignments, determined with the 1H NMR (1D) 
spectrum (Fig. 3.2) such as H-5, H-6, H-7, H-8 and H-9 onto the spectrum of the 
heteronucleus, extended the characterisation of the molecule and therefore C-1, C-2, C-3, 
C-8 and C-9 were able to be identified. Additional useful information was also concluded 
from the 1H- 13C HMQC spectrum. The protonated carbons (C-7, C-10 and C-13) were 
distinguished from the non protonated ones such as C-4, C-5 and C-6 and therefore all the 
remaining carbons that were not visible in this spectrum are those non protonated 
carbons. This dispersion of the proton resonances according to the heteronuclear shift, 
has aided the initial interpretation of the 13C NMR spectrum (Fig. 3.3). The 1H-13C 
HMQC NMR depend upon the presence of a proton bound to the heteroatom so it is 
unable to provide assignments when proton resonances exactly overlap. An alternative 
approach in such cases is to establish correlations between carbons and neighbouring 
protons over more than one bond, so called long-range or multiple-bond correlations, 
most commonly through the proton-detected heteronuclear multiple-bond correlation 
(HMBC) experiment. Therefore HMBC experiment was used to give further evidence 
concerning the identification ofH-3, H-2 and H-4 and their corresponding carbons. 
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1H-13C HMQC spectra ofL3 in CD30D showing connectivities between 
protons and carbons at 298 K. 
The abundance of information in such HMBC spectrum is illustrated in Fig. 3.5 which 
should be compared with the HMQC in Fig. 3.4. The complete set of correlations 
observed in this spectrum are summarised in Table 3.2, but the main features of the 
experiment may be appreciated by considering the correlations ofH-9, H-6 and H-3. 
Firstly a breakthrough of the one-bond correlation appearing as the green an-owed 
doublet at 15.30, 19.41, 29.2 and 102.55 ppm. This is equivalent to the correlation seen in 
Fig. 3 .4, and it serves as a reference point, although these can be an unwelcome 
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complicating factor. The possibility of such peaks appearing should always be borne in 
mind when interpreting these spectra. Secondly, the connectivities of H-7 with C-2, C-4 
and C-5 together with those found between H-5 and C-5, C-6, C-9 , C-11 and C-12 
excluding C-4 allow the identification of C-4. H-3 was easily identified from the rest of 
the aromatic protons (H-2 and H-4) due to its exclusive connectivity with C-11 and C-12. 
Table 3.2 A summary of the long-range correlations observed in the HMBC 
spectrum ofL3 in CD30D at 298 Kat the contour level shown. 
Proton Correlated carbons 
2 6, 8, 5 
3 11, 12 
4 12, 8, 11 
5 9, 6, 12, 5, 11,13,7 
6 8, 6, 12 
7 4,5,2 
8 1, 3 
9 2 
Unfortunately, the limitation found when using the HMBC data experiment is the 
overlapping of signals found between C-6 and C-12 and those found between C-5 and C-
11. Therefore correlations of H-2 and H-4 with C-6, 8, 5 and 8, 11, 12 respectively did 
not allow the discrimination between the two aromatic protons (H-2 and H-4). Despite 
the overlapping of the carbon signals, an analysis of the long-range correlations of H-2 
and H-4 (through 4 bonds) provides a useful means of identifying neighbouring protons 
of this ligand. Therefore this was used in order to discriminate between them. One of the 
protons was observed to correlate with C-4 and was identified as H-2 whereas the other 
one was found to be correlated with C-1 0 and was identified as H-4. 
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The HMBC long-range correlation spectrum recorded (500 MHz) for L3 
in CD30D at 298 K. 
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Inspection of the results in Table 3.3 clearly shows that the OH protons (H-1 and H-10) 
are not appearing in CD30D. This was observed for L2 in the same solvent. The 
disappearance of the OH protons is probably due to a fast exchange with the bulk CD30D 
solvent. In moving from CD3CN to CDCb, the OH protons are deshielded. This is 
probably due to the possibility of hydrogen bond formation between the hydroxyl groups 
of the resorcarene receptor in this solvent. Generally, the changes observed in the case of 
resorcarene ligands (L2 or L3) reflect the ability of these receptors to interact with the 
solvents and suggest that solvent-ligand interactions differ considerably from one solvent 
to another170•171 • 
Table 3.3 1 H NMR data for L3 in several deuterated solvents at 298 K. 
8 (ppm) 
1uo 
1 2 3 4 5 6 7 8 9 10 
7.72 7.38 6.34 7.29 4.45 1.72 3.66 2.42 1.17 7.46 
7.34 6.31 7.23 4.53 1.72 3.68 2.44 1.16 
CDCh 8.86 7.31 6.27 7.22 4.54 1.72 3.80 2.47 1.22 8.10 
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3.2. X-ray crystallography 
Molecular structures of L2 and L3 were determined by X-ray diffraction studies carried 
out by Prof. Eduardo E. Castellano at the Institute de Fisica de Sao Carlos, Universidade 
de Sao Paulo, Brazil and by Dr. Oscar E. Piro at the Departamento de Fisica, Facultad de 
Ciencias Exactas, Universidad Nacional de La Plata, Argentina. 
Crystal data, data collection procedure, structure determination methods and refinement 
results for the compounds are summarised in Table 3.4. 
The crystals were stable whilst kept in their mother solutions. To prevent their 
degradation during data collection, the chosen single crystal samples were soaked in a 
synthetic oil drop, mounted on top of a glass fiber and immediately cooled down to low 
temperatures by blowing boiling nitrogen vapour with a cryostat device. 
Table 3.4 Crystal data and structure solution methods and refinement results for 
(MeCN)L3.3MeCN and L2.ChCH. 
Empirical formula 
Formula weight 
Temperature (K) 
Low-temperature device 
Cooling rate 
Crystal system 
Space group 
Unit cell dimensionsa 
a(A) 
b(A) 
c(A) 
a e) 
13e) 
re) 
Volume(A3) 
Z, calc. Dens.(Mg/m3) 
Abs.coeff. (J..L, mm"1) 
F(OOO) 
Crystal size (mm) 
Crystal color/shape 
(MeCN)L3.3MeCN 
C46Hs6N40sS2 
857.07 
200(2) 
L2.ChCH 
C4sHs1ChOsS4 
960.50 
200(2) 
Oxford Cryosystems 
200 K/h 
monoclinic 
P2t/C 
10.488(1) 
29.047(1) 
15.758(1) 
90.00 
107.00(1) 
90.00 
4590.8(5) 
8, 1.240 
0.171 
1824 
0.16 X 0.10 X 0.03 
Colorless/plate 
triclinic 
P-1 
10.583(1) 
13.696(1) 
16.892(1) 
82.83(1) 
73.01(1) 
89.18(1) 
2322.6(3) 
2, 1.373 
0.428 
1012 
0.20 x 0.16x 0.10 
Colorless/fragment 
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KappaCCD/q> and ro 
MoKa., A.=0.71073 A 
2.70 to 22.00 2.78 to 25.00 
Diffractometer/scan 
Rad., graph. monochr. 
ｾｲ｡ｮｧ･＠ data coll.CO) 
Index ranges ＭＱＱｾｨｾＱＱＬＭＳＰｾｫｾＳＰＬＭＱＶｾＱｾＱＶ＠ ＱＲｾｨｾＱＰＬＱＶｾｾＱＶＬＭ
ＲＰｾＱｾＲＰ＠
Reflections collect. 43024 
Indep. reflect. 5617[R(int)=0.1576] 
Completeness 99.8% (to (=22.00() 
Obs. refls.[l>2((1)] 3269 
Max. and min. transm. 0.9949 and 0.9731 
collection COLLECT! 
22006 
8160[R(int)=0.0393] 
99.5%(to (=25.000 
6586 
0.9584 and 0.91920Data 
Data red. and corr.b DENZO and SCALEPACK2 
struct. solute and SHELXS-973 
Refinementsd programs SHELXL-97 4 
Refinement method Full-matrix least-squares on F2 
Weights, w [(2(Fo2)+(0.073P)2+9.79P]-1 
[(2(Fo2)+(0.061P)2+2.03P]-1 
P=[Max(Fo2,0)+2Fc2]/3 
Data/restraints/param 5617/0/511 8160/0/557 
Goodness-of-fit on F2 1.037 1.034 
Final R ind.[I>2((I)]e R1 =0.073,wR2=0.159 R1 =0.046,wR2=0.115 
R indices (all data) Rl=O.l42,wR2=0.202 Rl=0.060,wR2=0.128 
Larg.peak, hole(e.A-3) 0.519, -0.365 0.409, -0.462 
Least-squares refinement of the angular settings for 43024 reflections in the 
2. 70<8-<22. 00° range for (MeCN)L3.3MeCN and 22006 reflections 
in the 2.78<3<25.00° range for L2. CHCh. 
b Corrections: Lorentz and polarization. Absorption correction not applied as f.l times crystal 
size was less than 0.1 
c Neutral scattering factors and anomalous dispersion corrections. 
d Structure solved by direct and Fourier methods. The final molecular model obtained by 
anisotropic full-matrix least-squares refinement of the non-hydrogen atoms. 
e R indices defined as: R1=L! I I Fo 1- I Fe II /L: I Fo I , 
F/) 2 /L:w(Fo2) 2] 1/2. 
(MeCN)L3.3MeCN: The crystals diffracted to a rather low resolution, not beyond 9=22°. 
Their poor quality was probably due to their high instability when removed from the 
mother solution, this manifested itself during the period of time taken in the crystal 
mounting and cooling processes. Only about 58% of the reflection intensities were above 
two standard deviation of experimental error. To increase the data to parameters ratio, the 
phenyl rings defining the calix were fitted to perfect hexagons and refined as rigid 
groups. The crystallization acetonitrile solvent molecules showed positional disorder as 
evidenced by their rather large displacement ellipsoids. All H -atoms but the ones of the 
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hydroxyl groups were positioned stereo-chemically and refined with the riding model. 
The methyl hydrogen positions were optimized by treating them as rigid bodies allowed 
to rotate around the corresponding C-C bond. The eight hydroxyl hydrogen atoms were 
found in a difference Fourier map at approximate locations corresponding to 0-H ... 0 
bonds with hydroxyl oxygen atoms of neighbouring phenol rings. These H-atoms were 
adjusted stereo-chemically and their positions optimized by allowing them to rotate as 
rigid groups around the corresponding C-0 bond during the refinement. 
ｌＲＮＨｃｈｃｉｾＺ＠ The H-atom positions of the calix(4)resorcarene molecule were refined as 
described for compound L3. The chloroform H-atom was positioned on stereo-chemical 
basis and refined with the riding model. 
Fractional coordinates and equivalent isotropic displacement parameters for the 
(MeCN)L3.3MeCN and L2.CHCh crystals are provided in Appendix 4 as supplementary 
material. ORTEP molecular drawings of L2 and L3 are shown in Figs. 3.8 and 3.9 
respectively. 
(MeCN)L3.3MeCN: The partially substituted calix[ 4 ]resorcarene, L3, adopts a distorted 
"cone" conformation. Opposite phenyl rings defining the hydrophobic cavity along the 
larger cone aperture subtend a dihedral angle of 97 .5(2)0 with each other while the other 
opposite pair are angled at 46.4(2)0 • The cavity is open enough to host the acetonitrile 
solvent molecule found within the calix hence forming an inclusion ｭｯｬｾ｣ｵｬ｡ｲ＠ complex 
(see Fig. 3.7). The solvent guest nearly lay onto the calix sagittal plane containing the 
largest axis of the elliptical cone section. 
The macrocycle is stabilized by four intra-molecular 0-H ... O bonds involving as H-
donors, the hydroxyl groups of the opposite phenyl rings (across the shorter cone section) 
and as acceptors the hydroxyl oxygen atoms of adjacent phenyl rings defining the larger 
cone aperture [0 ... 0 distances in the range from 2.720 to 2.805 A and 0-H ... O angles 
from 158.5 to 169.4°]. The crystal is further stabilized by inter-molecular 0-H ... S bonds 
which involve one hydroxyl group on each of the latter pair of phenyl rings, (now acting 
asH-bond donors), and the sulphur atoms of neighbouring calix[4]resorcarene molecules 
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in the lattice (0 ... 8 distances of 3.257 and 3.468 A and 0-H ... 8 angles of 158.8 and 
146.7°, respectively). Further details of the H-bonding structure are provided as 
supplementary material in Appendix 4 (Table 2). 
L2.(CHCh): The fully substituted calix[ 4 ]resorcarene adopts a "cone" conformation 
slightly more squashed than L3. The phenyl rings defining the larger axis of the cone 
section subtend an angle of 107.01 (7)0 with each other while the other pair are angled at 
42.66(9)0 leaving a cavity not open enough to host the bulky CHCh molecule. In fact, a 
chloroform solvent molecule is found outside the calix at an interstitial lattice site. 
The molecule L2 is stabilized by intra-molecular 0-H ... 0 bonds between adjacent 
phenyl rings (0 ... 0 distances in the range from 2.792 to 2.892 A and 0-H ... O angles 
from 145.6 to 164.9°) similar to that found in L3 and also by O-H ... 8 bonds (0 ... 8 
distances from 3.017 to 3.309 A and O-H ... 8 angles from 138.8 to 154.1°). 
The macrocycle (L2) is arranged in the solid as supramolecular dimers as shown in Fig. 
3.8 (Pluton drawing). The monomeric components of the dimer are related by a 
crystallographic centre and linked to each other through hydrophobic interactions where 
one pendant group on the upper rim of a molecule fills the cavity of the neighboring 
molecule along its longest aperture. The dimer is further stabilized by a pair of inversion 
related intermolecular 0-H ... 0 bonds (d (0 ... 0)==2.792 A and L(O-H ... 0)==145.6°). 
Intra- and intermolecular H-bond distances and angles are detailed in the supplementary 
(Appendix 4, Table 3). 
Supplementary material available: Listings of fractional atomic coordinates (Appendix 
4, Tables 4 and 5), atomic anisotropic displacement parameters (Appendix 4, Tables 6 
and 7), and hydrogen atoms positions (Appendix 4, Tables 8 and 9). 
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Fig. 3.6 Side view of the fully substituted thiomethylated calix[ 4 ]resorcarene 
molecule. The displacement ellipsoids for the non-H atoms were drawn at the 50% 
probability level. 
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Fig. 3.7 Side view of partially substituted calix[4]resorcarenes (L3). Molecular 
complex with acetonitrile in the (MeCN)L3.3MeCN solid showing the displacement 
ellipsoids for the non-H atoms at 30% probability level. For clarity, only .a few 
representative atomic labels are shown. Intra-molecular H-bonds are indicated by dashed 
lines. 
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Fig. 3.8 View of the coupled pair of tetra-substituted thiomethylated 
calix[ 4 ]resorcarene (L2) as seen down the calix axis. The molecules in the dimer are 
symmetry related to each other by a crystallographic inversion centre. Sulphur and 
oxygen atoms are indicated by large and medium size open discs, respectively. 
Having characterised these ligands in the solid state, partition studies were carried out 
and these are now discussed. 
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3.3. Partition studies 
In an attempt to assess that the ligands (L2 or L3) are predominantly in their monomeric 
forms in solution, two solvent systems were used. These are methanol (MeOH) I hexane 
(Hex) and acetonitrile (MeCN) I Hex. Therefore partition data are referred to the process 
described in eqn. 3.1, taking hexane as the reference solvent ( s1 ). In eqn. 3.1 s2 denotes 
MeOH or MeCN. In all cases these solvents were mutually saturated [ s1 saturated (satd) 
with s2 and s2 saturated (satd) with s1] 
eqn. 3.1 
The interpretation of the ligand state was as follows, 
i) If the ligand has the same molecular weight in each of the solvent used in 
the partition it is expected to distribute between them in a ratio which depends on the 
temperature, but it is independent of the absolute concentration (The distribution law, 
however, is strictly valid only in the case of very dilute solutions). Considering that c1 
and c2 represents the concentrations of the solute on the molar scale (mol.dm-3) in s1 
and s2 respectively, once the equilibrium has been established between the two solutions, 
the c1 I c2 ratio has a constant value, provided the temperature is constant. The value of 
this ratio is known as "distribution or partition coefficient" 
ii) In a situation in which the ligand is in its monomeric form in one of the 
solvents but not in the other (polymer) as shown in eqn.3.2, then at a given temperature, 
the partition constant (K P = c1 I c2 ) will no longer be constant. 
eqn.3.2 
According to the partition law, however, there exists a constant partition ratio for each 
class of molecules. Hence, a constant ratio should be found between the concentrations of 
the single molecule in the two solvents and the single molecule in another solvent. 
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According to the mass action law, the concentration of single molecules in one solvent is 
proportional to 1 In'" of the total concentration (provided that the degree of association is 
large), and therefore, the ratio c1 I*'- should be constant. 
The thermodynatnic equilibrium (partition) constant, Kp is defined by eqn.3.3, 
eqn.3.3 
In eqn.3.3, yL(s2) and yL(s2) denote the activity coefficient of the ligand of interest in 
the two solvents. Since L2 and L3 are non-electrolytes, and provided that low 
concentrations are used, r values are considered to be = 1. Thus Kp values for L2 and 
L3 in MeOH I Hex and MeCN I Hex solvent systems at 298.15 K as a function of the 
ligand concentration, c; are shown respectively in Tables 3.5 (a, b) and 3.6 (a, b). The 
Kp values are then used to derive the standard partition Gibbs energy, t1pG0 for each 
ligand (Ll and L2) in these solvent systems. 
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Table 3.5 
Results and Discussion 
Partition constants of L2 in hexane - methanol (a) and hexane -
acetonitrile (b) solvent systems at 298.15 K. Derived Standard Pattition 
Gibbs Energies 
a) Hexane - Methanol 
c;l mol dm-3 Kp 8pG0 I kJ mor1 
3.16 X 10-S 12.73 -6.31 
7.36 X 10-S 12.73 -6.30 
9.47 X 10-4 12.73 -6.31 
1.05 X 10-4 12.72 -6.30 
b) Hexane-Acetonitrile 
cJ mol dm-3 Kp 8pG0 I kJ mor1 
1.09 x lo-s 80.87 -10.89 
4.35 X 10-S 80.85 -10.89 
1.09 x to-4 80.86 -10.89 
1.41 X 10-4 80.85 -10.89 
C;: Initial concentration (mol.dm-3) of the ligand in a) methanol or b) acetonitrile 
saturated with hexane. 
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Table 3.6 
Results and Discussion 
Partition constants of L3 in hexane - methanol (a) and hexane -
acetonitrile (b) solvent systems at 298.15 K. Derived Partition Gibbs 
Energies 
a) Hexane - Methanol 
cJmol dm-3 Kp llpG0 I kJ mort 
2.27 X 10-5 145.16 -12.34 
6.80 X 10-5 145.05 -12.34 
9.06 X 10-5 145.37 -12.34 
1.02 x 1 o-4 145.19 -12.34 
1.13 X 10-4 145.179 -12.34 
1.36 X 10-4 145.157 -12.34 
b) Hexane-Acetonitrile 
cJmol dm-3 Kp llpG0 I kJ mort 
4.53 x 1 o-5 18.89 -7.28 
5.67 x 1 o-5 18.77 -7.27 
9.06 x 1 o-5 18.59 -7.24 
1.02 X 10-4 18.56 -7.24 
1.25 X 10-4 18.51 -7.23 
1.59 X 104 18.46 -7.23 
C;: Initial concentration (mol.dm-3) of the ligand in a) methanol or b) acetonitrile 
saturated with hexane. 
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It can be seen from these Tables that the ex I ratio ( Kp ) in both solvent systems is /c2 
constant at constant temperature. In addition no changes are observed in the !J.pG0 values 
by altering the L2 and L3 concentrations. Therefore it was concluded that the monomeric 
species predominate in solution. 
Having determined the nature of species in these solvents, the solubility of these ligands 
in different media at 298.15 K was determined and this is now discussed. 
3.4. Solubility measurements. Derived standard Gibbs energies of solution. 
Solubility data for L2 and L3 in several solvents at 298.15 K were carried out as 
described in the Experimental Section. These data are particularly relevant for 
i) The selection of the solvent to be used in solution studies, 
ii) The calculation of the standard solution Gibbs energies, !J.8 G0 (kJ mor1), of these 
compounds in various solvents. The process is given in eqn. 3.4 
L(sol) K > L(s) eqn. 3.4 
K is the ratio of the activity of the ligand ( aL) in solution ( s) over that in the solid state 
(sol) 
eqn. 3.5 
Given that a L = 1, therefore, K = a L • 
Jol s 
On the other hand, aL, ·is given in eqn. 3.6, where [L] and rL are the concentration and 
the activity coefficient of the ligand, respectively. 
eqn. 3.6 
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Since the ligand is neutral and the concentration used is low, rL may be taken as unity 
and therefore aL, = [L] =solubility. 
Thus, 8 8 G
0 was calculated using eqn. 3.7 referred to the process in which the ligand is in 
the standard state of activity equal to unity. 
eqn. 3.7 
Taking into account the following thermodynamic cycle, 
eqn. 3.8 
It follows that the solution process can be split into two processes, the solvation ( solv) 
process (characterised by ilsolvP) and the crystal lattice ( Cl ) process (Llc1P 0 ). Therefore 
eqn. 3.9 
In eqns 3.8 and 3.9, P = G,H,S. 
Since the contribution of the crystal lattice, Llc1P o , for a given solute is the same, the 
variation observed in the solution Gibbs energies results from the difference in the 
solvation of L in the two solvents. This is best reflected on the thermodynamic 
parameters of transfer of the ligand from a reference solvent ( s1 ) to another solvent ( s2 ). 
The process is described as follows, 
eqn. 3.10 
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In eqn. 3.1 0, Ko t is the thermodynamic transfer constant as defined in eqn. 3.11, 
K o - [L(s2)]r L (s2) t- ' 
[ L(.1··) ]y L (s1) 
eqn. 3.11 
The activity coefficient can be assumed to be equal to unity for neutral species and when 
very low solubility values are involved in the calculation (Yu..s
2
) = y<Ls.) =1). Therefore, 
eqn. 3.12 
In eqn. 3.12, [L<s
2
)], [L<s•)] are the molar solubilities of the ligand (L2 and L3) in the two 
solvents, respectively. 
Thus, the standard Gibbs energy of transfer, 11,Go, is calculated from eqn. 3.13, 
eqn. 3.13 
the receiving ( s2 ) and the reference solvent ( s1 ), respectively. 
Solubility data for L2 and L3 in aprotic and protic solvents at 298.15 K are reported in 
Tables 3.7 and 3.8 respectively. These are the result of three analytical measurements 
carried out on the same saturated solution. The standard deviation of the data was 
calculated from eqn. 3.14 and is also included in these Tables. 
o- = L(x; -x)2 
(n-1) eqn. 3.14 
In this equation, X; and x denote the individual and the average solubility values 
respectively. The number of measurements performed in the appropriate solvent is 
denoted by n . 
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Solvate formation was found when L2 was exposed to saturated atmospheres of N,N-
dimethylformamide, dimethyl sulfoxide, tetrahydrofurane, butanone and 
dichloromethane. No quantitative data could be obtained and therefore the standard Gibbs 
energy of solution at 298.15 K could not be calculated. Its calculation requires that the 
composition of the ligand is the same in ｾｨ･＠ solid state and in solution.172•173 • In the 
absence of solvate formation, the standard Gibbs energies of solution, l!!sG0 were 
calculated from solubility data. Given that hexane was chosen as the reference solvent in 
the calculation of I!!PG0 values, for comparative purposes the same solvent is selected for 
the evaluation of !!!,G0 values. These are also reported and are referred to the process 
given in eqn. 3.1 0 which differ from that shown in eqn. 3.1 in that in this process the pure 
rather than the mutually saturated solvents are involved. Therefore, a quantitative 
assessment about the extent of solvation or the strength of ligand-solvent interactions was 
obtained. These data show that these ligands slightly undergo a selective solvation in the 
various solvents. A negative value of !!!,G0 indicates that ligand-solvent interaction is 
stronger in the receiving ( s2 ) than the reference solvent ( s1 ). Gibbs energies of L2 
(nonelectrolyte) show that its transfer from one solvent to another alters the equilibrium 
position in a selective manner where differences of up to 14.64 kJ mor1 are observed. 
Thus the solvation sequence in terms of I!!,G0 is, 
PC > EtOH > 1-BuOH > MeCN > 1-PrOH > MeOH > Hex 
This sequence was altered when two of the pendant arms of L2 were removed to yield 
L3. Therefore for the latter, the following trend in solvation is observed, 
EtOH > 1-BuOH > 1-PrOH =: MeOH > MeCN >Hex 
Note that solvate formation was also observed when L3 was exposed to saturated 
atmospheres of PC, butanone, THF, DMF and DMSO. 
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As far as protic solvents (alcohols) are concerned, both ligands (L2 and L3) showed 
parallel behaviour. The decrease in the number of pendent arms of L2 provoked an 
increase in the extent of interaction between these ligands and the alcohols. 
For comparative purposes, l!l.PGo values for L2 and L3 in the Hex-MeOH and Hex-
MeCN are also included in Tables 3.7 and 3.8. 
Agreement is found between the l!l.,Go and l!l.PGo values for L2 and L3 respectively as 
reflected in these Tables. These findings are indicative that the mutual solubility of the 
solvents involved is very low. This statement is based on previous work which 
demonstrated that for systems involving solvents of low mutual solubility 
ｾｐｇｯ＠ := ｾ Ｑ ｇｯ＠ 172,174. 
Having determined the solubility of these ligands in various solvents, 1H NMR 
measurements were carried out to establish the ability of these ligands to interact with 
metal cations and this is discussed in the following Section. 
117 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＬＭＭＭＮＮＮＬＮＮＮＮＮＮＮＮＮＮＮＭＭＭｾ ＭＭ ＭＭＭＭ Ｎ ＭＭＭＭＭＭｾＭＭ ＭＭＭ
Chapter3 Results and Discussion 
Table 3.7 Solubilities (s), standard Gibbs energies of solution Ｈｾｳｇ Ｐ Ｉ＠ of L2 in 
various solvents at 298.15 K. Standard transfer Gibbs energies 
Ｈｾｴｇ Ｐ Ｈｈ･ｸＭｳＩＩ＠ from hexane to various solvents 
( 
s 
L2 
AtG0 (Hex-s) A G0 Solventa s (mol.dm-3) AsG
0 
p 
ｾ＠ kJ mort) ｾ＠ kJ ｭｯｲｴｾ＠ ( kJ ｭｯｲｴｾ＠
Hex (9.51 ± 0.01) X 10-5 22.95 0 
MeCN (8.56 ± o.o9) x 1 o-3 11.80 -11.15 -10.89 
MeOH (3.20 ±0.19) X 10-3 14.23 -8.72 -6.31 
EtOH (1.81 ±0.01) X 10-2 9.94 -13.01 
1-BuOH (1.40 ± 0.01) X 10-2 10.58 -12.37 
1-PrOH (6.79 ± 0.06) X 10-3 12.37 -10.58 
PC (3.50 ± o.o2) x 10-2 8.31 -14.64 
Butanone Too soluble 
THF Too soluble 
CH2Ch Too soluble 
DMF Too soluble 
d6-DMSO Too soluble 
aAbbreviations used: acetonitrile, MeCN; methanol, MeOH; ethanol, EtOH; butanol, 1-
BuOH; propan-1-ol, 1-PrOH; hexane, Hex; propylene carbonate, PC; tetrahydrofuran, 
THF; dichloromethane, DCM; N, N-dimethylformamide, DMF; dimethyl sulfoxide, d6-
DMSO. 
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Table 3.8 
Solventa 
Hex 
MeCN 
MeOH 
EtOH 
1-BuOH 
1-PrOH 
PC 
Butanone 
THF 
DMF 
d6-DMSO 
Results and Discussion 
Solubilities (s), standard Gibbs energies of solution (L\8G0) of L3 in 
various solvents at 298.15 K. Standard transfer Gibbs energies 
(L\1G0(Hex-s)) from hexane to various solvents 
( 
s 
HO 
L3 
s (mol.dm-3) AsG
0 
AtG
0(Hex-s) 
( kJ mort) ( kJ mort) 
(3.13 ± 0.01) X 10-S 25.71 0 
(8.37 ± o.o7) x 1 o-4 17.56 -8.15 -7.25 
(1.05 ± 0.13) X 10-2 11.29 -14.42 -12.34 
(7.62 ± 0.01) X 10-2 6.38 -19.33 
(6.20 ± 0.01) X 10-2 6.89 -18.82 
(1.19 ± 0.06) X 10-2 10.98 -14.73 
Too soluble 
Too soluble 
Too soluble 
Too soluble 
Too soluble 
aAbbreviations used: acetonitrile, MeCN; methanol, MeOH; ethanol, EtOH; butanol, 1-
BuOH; propan-1-ol, 1-PrOH; hexane, Hex; propylene carbonate, PC; tetrahydrofuran, 
THF; dichloromethane, DCM; N, N-dimethylformamide, DMF; dimethyl sulfoxide, d6-
DMSO. 
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3.5. 1H NMR complexation studies 
Having determined the solubility of L2 and L3 in various solvents, 1H NMR 
measurements were carried out in order i) to establish whether or not complex formation 
occurs between these macrocyclic ligands and metal cations in the solvent of interest, ii) 
to identify the active sites of the ligand in the metal complexation process and iii) to 
investigate the conformational changes that the ligand undergoes upon complexation with 
the metal cations. 
Chemical shift changes ( t).o = oc - oF ppm, where oc and oF denote the chemical shifts 
for the complex and the free ligand respectively) upon the addition of an excess amount 
of the metal cation in solution to a known concentration of the ligand also in solution 
were observed for some of the cations investigated in the selected solvents which are 
acetonitrile, methanol and dimethylsulfoxide. The selection of these solvents was based 
on, 
i) Acetonitrile (dipolar aprotic solvent) is a poor solvator for most of the metal cations 
in comparison with protic (alcohols) and dipolar protophilic (DMF, DMSO) solvents 
and therefore offers a more suitable medium for complexation processes 
ii) To investigate complexation processes in solution, the metal-ion salts must be fully 
dissociated in the medium used for these studies. The dielectric constants 175 of MeCN 
(E = 37.5), MeOH (E = 32.7) and DMSO (E = 46.7) are higher than those ofPhCN (E 
= 25.2), CHCb (E = 4.8) and CH2Ch (E = 8.9). Thus, cations in the former solvents 
are expected to have a lower tendency to form ion-pairs with the counter ion. This 
issue is particularly important when multicharged ions are involved. 
3.5.1. Complexation studies of Ll with metal cations by 1H NMR 
The complexation of the starting material, Ll, with metal cations was first checked by 1H 
NMR in order to compare these results with those for L2 and L3. Thus 1H NMR 
measurements for Ll were carried out in CD3CN, CD30D and d6-DMSO at 298 K. These 
are shown in Tables 3.9, 3.10 and 3.11 respectively. No significant chemical shifts 
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changes were observed upon the addition of alkali, alkaline-earth and some heavy and 
transition metal cations to L1 in these solvents. However upon addition of Hg2+ to L1 in 
CD3CN and in CD30D, some distortion in the 1H NMR spectra was observed, thus the 
signal for water moved and as a result it was found to overlap with those of the ligand 
proton signals. Addition of Cd2+ and Zn2+ to L1 in CD3CN led to significant changes in 
the OH (H-1) protons. This was taken as an indication that an interaction may occur 
between the starting material (L 1) and these metal cations. 
Table 3.9 
(ppm) 
Free ligand 
Li+ 
Na+ 
K+ 
Rb+ 
cs+ 
Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Zn2+ 
Cd2+ 
Pb2+ 
Ag+ 
Hg2+ 
1H NMR chemical shifts (8) and chemical shift changes (L\8) of L1 
protons by the addition of metal cations in CD3CN at 298 K. 
2 
5 
H-1 ! H-2 H-3 I I H-4 H-5 I 
8 
7.52 
7.50 
7.53 
7.50 
7.498 
7.48 
7.51 
7.61 
7.55 
7.51 
7.66 
7.75 
7.54 
7.54 
N.D 
88 I 8 
I 6.21 
-0.0216.22 
0.01 ,6.22 
I 
-0.0216.21 
-0.02 6.21 
I 
-0.04 1 6.21 
! 
-0.01 I 6.22 
o.o9 I 6.23 
I 0.03 1 6.21 
I 
-o.o1 1 6.21 
o.14 I 6.22 
0.23 
0.02 
0.02 
I 
6.23 
6.22 
6.23 
I 
88 1 8 
I 7.35 
I 
0.01 i 7.35 
o.o1 1 7.35 
o.oo 1 7.35 
! 
0.00 I 7.35 
I 
o.oo 1 7.35 
0.01 1 7.35 
o.o2 I 7.35 
0.00 7.35 
0.00 7.35 
0.01 1 7.35 
I 0.02 7.35 
0.01 7.34 
o.o2 I 7.34 
I 
L\8 T 8 
4.43 
0.00 
0.00 
0.00 
0.00 
0.00 
4.43 
4.44 
4.43 
4.43 
4.43 
! 0.00 4.44 
0.00 4.44 
0.00 4.44 
0.00 4.44 
o.oo I 4.43 
I 
o.oo I 4.44 
-o.o1 I 4.44 
-0.01 14.44 
8 
1.70 
0.00 11.70 
0.01 1 1.70 
0.00 11.69 
o.oo 1 1.69 
0.00 11.70 
! 
o.o1 1 1.10 
O.oi 11.70 
0.01 11.70 
0.01 1.70 
0.00 '11.70 
0.01 1.7 
0.01 1.69 
0.01 1.70 
88 ! 
I 
0.00 
0.00 I 
-0.01 1 
-0.01 
0.00 
0.00 
o.oo I 
0.00 
0.00 
0.00 
I o.oo I 
-0.01 l 
o.oo 1 
I 
N .D: Not detected. 
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Table 3.10 1H NMR chemical shifts (8) and chemical shift changes (d8} of Ll 
protons by the addition of metal cations in CD30D at 298 K. 
2 
5 
Ll (CD30D) H-2 H-3 H-4 H-5 
(ppm) () d8 () d8 () d8 () d8 
Free ligand 6.18 7.22 4.49 1.65 
Li+ 6.18 0.00 7.22 0.00 4.48 -0.01 1.65 0.00 
Na+ 6.18 0.00 7.22 0.00 4.49 0.00 1.65 0.00 
K+ 6.18 0.00 7.22 0.00 4.48 -0.01 1.65 0.00 
Rb+ 6.18 0.00 7.22 0.00 4.48 -0.01 1.65 0.00 
cs+ 6.18 0.00 7.21 -0.01 4.48 -0.01 1.65 0.00 
Mg2+ 6.18 0.00 7.22 0.00 4.49 0.00 1.65 0.00 
Ca2+ 6.18 0.00 7.22 0.00 4.5 0.01 1.65 0.00 
Sr2+ 6.18 0.00 7.22 0.00 4.47 -0.02 1.65 0.00 
Ba2+ 6.17 -0.01 7.21 -0.01 4.48 -0.01 1.64 -0.01 
Zn2+ 6.18 0.00 7.21 -0.01 4.48 -0.01 1.65 0.00 
Cd2+ 6.18 0.00 7.22 0.00 4.47 -0.02 1.65 0.00 
Pb2+ 6.18 0.00 7.21 -0.01 4.49 0.00 1.65 0.00 
Ag+ 6.21 0.03 7.13 -0.09 4.49 0.00 1.61 -0.04 
Hg2+ 7.39 0.17 4.55 0.06 1.742 0.09 
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Table 3.11 1H NMR chemical shifts (8) and chemical shift changes ＨｾＸＩ＠ of the L1 
protons by the addition of metal cations in d6-DMSO at 298 K. 
2 
5 
Ll (d6- I I I I DMSO) H-1 H-2 I H-3 i H-4 I H-5 
(ppm) 8 ｾＸ＠ 8 ｾＸ＠ I 8 ｾＸ＠ 8 ｾＸ＠ 8 ｾＸ＠ I 
I Free ligand 8.56 6.18 6.80 I 4.49 1.33 
i 
Li+ 8.56 0.00 6.17 -0.01 6.79 -0.01 4.48 -0.01 1.33 o.oo I 
Na+ 8.56 0 6.17 -0.01 6.79 -0.01 4.48 -0.01 1.34 0.01 1 
K+ 8.56 0.00 6.17 -0.01 6.79 -0.01 4.49 0.00 1.33 0.00 I 
Rb+ 8.56 0.00 16.17 -0.01 6.80 0.00 4.49 0.00 1.33 0.00 
I 
-o.o1 I 4.49 Cs+ I 8.56 0.00 I 6.17 
-0.01 I 6.79 o.oo 1 1.33 0.00 
I I 
Mg2+ 8.56 0.00 6.17 -o.o1 I 6.79 -0.01 4.48 I 0.00 -0.01 i 1.33 
I I I Ca2+ 8.56 0.00 6.17 -o.o1 I 6.79 
-o.o1 I 4.49 o.oo 1 1.33 0.00 
I 
0.00 11.33 
I 
Sr2+ 8.56 0.00 6.17 -o.o1 1 6.79 I 0.00 -0.01 I 4.49 
I I l I 
Ba2+ 8.56 0.00 6.17 
-o.o1 1 6.79 -0.01 4.49 I o.oo I o.oo 1 1.33 
i 
Zn2+ 
! ! I 
8.56 0.00 6.17 -0.01 6.79 -0.01 4.49 0.00 1.33 0.00 I 
Cd2+ 8.57 0.01 6.16 -0.02 6.78 -0.02 4.48 -0.01 1.33 0.00 
Pb2+ 8.56 I -0.02 6.81 0.01 4.43 -0.06 1.35 0.021 o.oo 1 6.16 
-0.01 16.16 
I 
Ag+ 8.55 -0.02 6.78 
-0.0214.49 0.00 1.33 o.oo I 
I Hg2+ 8.58 0.02 1 6.19 0.01 6.81 0.01 I 4.5 0.01 1.36 0.03 I i i 
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3.5.2. Complexation studies of L2 and L3 with metal cations by 1H NMR 
Tables 3.12 and 3.13 list the chemical shift changes in the 1H NMR of L2 upon the 
addition of excess amounts of alkali and alkaline-earth metal cations in CD3CN at 298 K. 
These changes are not significant. Similar behaviour was observed in CD30D (Tables 
3.14 and 3.15). 
As far as transition and heavy metal cations in CD3CN are concerned, the most 
significant changes are observed for the ligand protons upon the addition of Hg2+, Ag+ 
and Pb2+ cation salts (see Table 3.16). Thus the addition of Pb2+ salt to L2 in CD3CN 
leads to downfield changes in H-2 and H-5 and particularly in H-1. These findings may 
suggest that both, the oxygen and to a lesser extent the sulphur donor atom provide the 
sites of interaction of this ligand with this cation. A different behaviour is observed for 
the soft metal cations (Ag+ and Hg2+) in this solvent. Thus for the Ag+ cation downfield 
shifts are found for H-5 and H-6, whereas an upfield shift is observed for H-7. These 
observations suggest that the interaction of this cation with L2 occurs through the sulphur 
(soft) donor atom. Distortion in the spectra of L2 was observed upon the addition of 
Hg2+ which did not allow the detection of all the proton signals. However, a significant 
change in H-5 and H-7 was observed. Therefore, the participation of the sulphur donor 
atoms appears to take place in the complexation process involving this ligand and this 
metal cation in CD3CN. 
In moving from CD3CN to CD30D (Table 3.17), significant chemical shift changes were 
observed for Ag + and Hi+. Thus for the former cation, the downfield shifts observed in 
H-5 and H-6 are quite significant and strongly suggest that the sulphur donor atoms are 
the sites of interaction of L2 with this cation. In fact the shifts observed for these protons 
are far more pronounced than those found for this system in CD3CN. It should be noted 
that this cation is known to be highly solvated176 in CD3CN relative to CD30D and 
therefore a weaker interaction of Ag + and L2 is expected in the former relative to the 
latter solvent. Based on the chemical shift changes observed in H-2 and H-4, the 
participation of the oxygen donor atoms cannot be excluded although this is likely to be 
weak relative to that involving the sulphur donor atoms. As far as Hg2+ and L2 in CD30D 
is concerned, the downfield shifts observed in H-5, H-6 and H-7 are indicative that the 
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interaction of this ligand and Hg2+ in this solvent takes place through the sulphur donor 
atoms. 
Table 3.12 1H NMR chemical shifts (S) and chemical shift changes ＨｾｓＩ＠ of L2 
protons by the addition of alkali metal cations in CD3CN at 298 K 
Protons 
H-1 
H-2 
H-3 
H-4 
H-5 
H-6 
H-7 
8 (free L2) 1 ｾｓ＠ ｾ Ｘ＠ ｾｓ＠(ppm) I I I 
7.54 I 0.01 ! 0.00 II 
7.38 -0.01 I -0.02 
4.53 -0.01 1 -0.02 
0.01 
-0.01 
-0.01 
1.74 -o.o1 1 -o.o2 -0.18 
! 
-0.02 I -0.02 
-0.01 I -0.021 
-0.01 1 -0.02 1 
3.80 -0.03 
2.37 0.00 
1.15 0.00 
ｾｓ＠ ｾｯ＠
o.oo 1 o.oo 
-0.01 I 0.00 
-0.01 I o.oo 
I 0.00 I 0.01 
I -0.02 I -0.03 
1 0.00 1 0.00 
1 o.oo 1 o.oo 
Table 3.13 1H NMR chemical shifts (S) and chemical shift changes ＨｾｯＩ＠ of L2 
protons by the addition of alkaline-earth metal cations in CD3CN at 298 K 
Protons CD3CN 
8 (free L2) ｾＸ＠ ｾ ﾷ Ｘ＠ ｾＸ＠ ｾＰ＠(ppm) 
H-1 7.54 0.00 -0.01 0.01 0.00 
H-2 7.38 -0.02 -0.01 -0.01 -0.01 
H-3 4.53 -0.03 -0.03 -0.01 -0.01 
H-4 1.74 -0.01 -0.01 -0.01 -0.01 
H-5 3.80 -0.05 -0.04 -0.07 -0.04 
H-6 2.37 -0.02 -0.02 -0.02 -0.02 
H-7 1.15 -0.01 -0.01 -0.01 -0.01 
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Table 3.14 1 H NMR chemical shifts (8) and chemical shift changes ＨｾＸＩ＠ of L2 
protons by the addition of alkali-metal cations in CD30D at 298 K 
Protons CD30D Li+ Na+ K+ Rb+ cs+ 
8 (free L2) 
(ppm) 
H-2 7.23 0.04 0.00 0.00 0.00 0.00 
H-3 4.567 0.00 0.00 0.00 0.00 0.00 
H-4 1.70 0.00 0.00 0.00 0.00 0.00 
H-5 3.77 -0.01 -0.01 0.00 0.00 0.00 
H-6 2.37 0.00 0.00 0.00 0.00 0.00 
H-7 1.11 0.00 0.00 
Table 3.15 1H NMR chemical shifts (8) and chemical shift changes ＨｾＸＩ＠ of L2 
protons by the addition of alkaline-earth metal cations in CD30D at 298 K 
I Mg2+ 
I 
Ca2+ Sr2+ I Ba
2+ I Protons CD30D I I i 1 i 
8 (free L2) I ｾＸ＠ -, ｾＸ＠ ｾＸ＠ ｾＸ＠ I (ppm) ｾ＠ I I 
H-2 7.23 I 0.01 
I 
0.02 0.02 I 0.02 I I 
I 
I 
I H-3 4.567 I 0.01 -0.01 -0.01 0.01 I I I l I I 
H-4 1.70 I -0.01 
I 
-0.01 
I 
0.01 I 0.01 I I I I 
l I 
I 
H-5 3.77 -0.01 -0.02 0.00 0.01 
I 
I 
I I I 
H-6 2.37 -0.01 I -0.01 I 0.00 
I 
0.01 I I 
I 
I I I 
H-7 1.11 0.00 -0.01 I 0.00 0.01 I 
i I I I I 
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Table 3.16 1H NMR chemical shifts (o) and chemical shift changes (L\o) of L2 
protons by the addition of heavy and transition metal cations in CD3CN at 
298K 
Protons I CD3CN Zn2+ Cd2+ Pb2+ 
o (Free I L\o L2) (ppm) I 
H-1 7.54 0.03 0.02 0.20 1 o.o3 
H-2 7.38 -0.01 0.00 0.13 1 o.o2 0.08 
H-3 4.53 -0.01 -0.02 0.05 1 o.oo -0.01 
H-4 1.74 -0.01 0.01 0.04 I o.o3 0.03 
I 
H-5 3.80 -0.04 -0.02 0.16 
I 0.15 I 0.46 
H-6 2.37 -0.01 0.05 o.13 1 
H-7 1.15 -0.01 0.07 1 -0.13 0.12 
Table 3.17 1H NMR chemical shifts (o) and chemical shift changes (L\o) of L2 
protons by the addition of heavy and transition metal cations in CD30D at 
298K. 
Protons CD30D Cd2+ Pb2+ 
o (Free L2) I I L\o I L\o L\o (ppm) I 
I H-2 7.38 1 0.01 I 0.01 0.07 0.22 0.08 I 
H-3 4.53 I 0.00 I 
-0.01 -0.01 0.07 -0.04 
I 
H-4 1.74 0.00 I -0.01 0.01 0.13 -0.01 I 
I 
H-5 3.80 0.00 ! -0.01 0.01 0.39 0.18 
I I 
H-6 2.37 I -0.01 I -0.01 0.01 0.23 
! I 
H-7 1.15 I o.oo I 0.01 0.03 0.11 
I 
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As far as the disubstituted calix[ 4 ]resorcarene, L3, is concerned, the addition of alkali 
and alkaline-earth metal cations to L3 in acetonitrile did not show any significant 
chemical shift changes at 298 K (see Tables 3.18-3.19). Therefore it was concluded that 
no complexation takes place between L3 and these metal cations in this solvent. Similar 
behaviour was observed in methanol at 298 K and this can be seen in Tables 3.20 and 
3.21. 
In CD3CN, the addition of heavy and transition metal cations to L3 (Table 3.22) did not 
alter any chemical signal of the ligand with the exception of Hi+. Distortion and new 
signals in the spectra were observed upon addition of the Hg2+ metal cation. As a result 
the L3 protons could not be detected. This observation suggests that complexation with 
this cation is taking place in CD3CN at 298 K. 
As far as heavy and transition metal cations are concerned, the changes in the chemical 
shifts upon addition of these metal cations to L3 in CD30D are shown in Table 3.23. 
Thus significant chemical shift changes are observed for Ag+ and Hi+ in CD30D 
suggesting that complexation with these metal cations takes place. The most significant 
chemical shift change was observed in H-7, H-8 (Ag+) and in H-7, H-8 and H-9 (Hi+) 
upon the addition of both metal cations which indicate that the sulphur donor atom is the 
active site of interaction. In addition, H-2 (the aromatic proton of the resorcinol unit 
where the sulphur pendant arm is attached) exhibited a significant downfield shift upon 
addition of Ag+. This is due to the interaction of Ag+ with the sulphur donor atom which 
could affect the aromatic protons of the resorcinol unit where the sulphur pendent arm is 
attached. The interaction could also alter the conformation of the ligand resulting in 
changes in the aromatic protons. The fact that changes in the aromatic protons were 
observed only in H-2 and not in H-3 or H-4 strenghten the suggestion that the sites of 
interaction are mainly provided by the sulphur donor atom. 
In an attempt to establish the composition of the metal-ion complexes, conductometric 
titrations were carried out. These are now discussed. 
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Table 3.18 1H NMR chemical shifts (o) and chemical shift changes ＨｾｯＩ＠ of L3 
protons by the addition of alkali-metal cations in CD3CN at 298 K 
Protons CD3CN I Li+ I Na+ K+ I Rb+ 
I cs+ I I I 
8 (free L3) I I I 
(ppm) 
I 
ｾＰ＠ ｾＰ＠ ｾＰ＠ ｾＰ＠ I ｾＰ＠
H-1 7.72 I 0.00 0.01 0.02 0.01 I 0.02 
I I I H-2 7.38 0.01 0.01 0.00 0.00 ! 0.01 I I I I 
H-3 6.34 0.00 0.00 0.00 0.00 ! 0.00 
H-4 7.29 0.01 0.00 0.00 0.00 I 0.01 
H-5 4.45 I 0.00 0.00 
I 0.01 0.01 l 0.00 
I 
I 
I I H-6 1.72 0.01 0.01 0.00 0.01 
I 
0.01 I 
H-7 3.66 0.00 0.00 0.00 0.00 0.00 
I H-8 2.42 0.00 0.00 0.02 0.02 0.00 l I I I 
H-9 1.17 0.00 -0.01 0.00 0.00 I -0.01 
I I 
I 
H-10 7.46 0.00 i 0.01 I 0.01 0.00 I 0.00 I I 
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Table 3.19 1H NMR chemical shifts (o) and chemical shift changes (l\o) of L3 
protons by the addition of alkaline-earth metal cations in CD3CN at 298 K 
Protons CD3CN 
o (free L3) 
(ppm) 
H-1 7.72 0.02 0.01 0.02 0.01 
H-2 7.38 0.01 0.01 0.01 0.00 
H-3 6.34 0.01 0.00 0.00 0.00 
H-4 7.29 0.01 0.00 0.00 0.00 
H-5 4.45 0.00 0.01 0.01 0.01 
H-6 1.72 0.01 0.01 0.00 0.01 
H-7 3.66 0.00 0.01 0.00 0.00 
H-8 2.42 0.00 0.00 0.02 0.02 
H-9 1.17 0.00 -0.01 0.00 0.00 
H-10 7.46 0.00 
Table 3.20 1H NMR chemical shifts (o) and chemical shift changes ＨｾｯＩ＠ of L3 
protons by the addition of alkali-metal cations in CD30D at 298 K 
I Li+ Na+ K+ I Rb+ I ! Protons CD30D I l Cs+ I i I 
o (free L3) ! I 
! I ｾＨＩ＠
I 
L\o ｾＨＩ＠ I ｾＰ＠ ｾＰ＠I (ppm) 
I 
I I I 
H-2 7.32 I 0.01 I 0.01 I 0.00 0.00 0.01 I 
I I I 
H-3 6.3 I 0.00 I 0.00 
I 
0.00 0.00 0.00 
I 
H-4 7.22 0.01 I 0.00 0.00 0.00 0.01 I I I 
H-5 4.51 0.00 0.00 I 0.01 0.01 0.00 
I H-6 1.7 0.01 0.01 0.00 0.01 0.01 I 
H-7 3.66 0.00 0.00 0.00 0.00 0.00 
H-8 2.42 0.00 0.00 I 0.02 0.02 0.00 
H-9 1.13 i 0.00 l -0.01 I 0.00 0.00 I -0.01 i 
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Table 3.21 1H NMR chemical shifts (o) and chemical shift changes ＨｾＸＩ＠ of L3 
protons by the addition of alkaline-earth tnetal cations in CD30D at 298 K 
Protons CD30D Mg2+ I Ca2+ I Sr2+ Ba2+ 
8 (free L3) ! 
(ppm) ｾＰ＠ ｾＸ＠ ｾＸ＠ A8 
H-2 7.32 0.00 0.01 0.01 0.01 
H-3 6.30 0.00 I 0.00 0.00 0.00 I i 
H-4 7.22 0.00 I 0.00 0.00 0.00 I 
I 
H-5 4.51 0.00 I -0.01 0.00 0.00 I 
I 
H-6 1.70 0.00 0.01 0.00 0.01 
H-7 3.66 I 0.00 0.00 0.00 0.00 
i 
l I I H-8 2.42 0.00 0.01 I 0.00 0.00 
I H-9 1.13 0.00 0.00 I 0.00 0.00 
Table 3.22 1H NMR chemical shifts (o) and chetnical shift changes ＨｾＸＩ＠ of the L3 
protons by the addition of heavy and transition metal cations in CD3CN at 
298K. 
Protons CD3CN Zn2+ I Cd2+ Pb2+ Ag+ Hg2+ 
8 (free L3) I I 
(ppm) L\8 l ｾＸ＠ I L\8 ｾＸ＠ ｾＸ＠H-1 7.72 I 0.00 I 0.01 I 0.02 0.02 N.D* i I I H-2 7.38 I 0.00 I 0.02 I 0.02 0.04 
H-3 6.34 0.00 I 0.01 0.02 0.03 
H-4 7.29 0.00 
I 
I 0.01 0.00 0.02 
H-5 4.45 0.01 0.01 I 0.01 0.01 
I 
I 
H-6 1.72 0.00 -0.01 0.01 I 0.02 I 
H-7 3.66 0.00 0.00 I 0.00 0.01 
H-8 2.42 0.01 0.00 0.02 0.02 
I 
H-9 1.17 0.00 0.01 0.01 0.01 
H-10 7.46 0.00 0.01 0.02 0.03 
*N.D. Not detected. 
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Table 3.23 1H NMR chemical shifts (8) and chemical shift changes (88) of the L3 
protons by the addition of heavy and transition metal cations in CD30D at 
298K. 
Protons CD30D Ag+ 
8 (Free L3) 88 88 88 88 I 88 (ppm) I 
I 
H-2 7.32 0.00 0.01 0.01 0.13 I -o.o8 
I 
I I I H-3 6.30 I 0.00 0.00 0.00 0.04 I I 
I 
I 
I I 
H-4 7.22 
I 
0.00 0.01 0.00 -0.01 I o.o1 
'-0.08 I H-5 4.51 I -0.01 -0.02 0.01 0.02 
I I 
I 1-0.08 I H-6 1.70 I 0.00 0.01 0.00 0.00 
I I I H-7 3.66 I 0.00 0.01 0.04 0.26 1 o.s4 
I I I 
H-8 2.42 
I 
0.00 0.01 0.01 0.15 I 1.09 
H-9 1.13 0.00 0.00 0.01 -0.01 
I 
0.40 
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3.6. Conductometric titration studies 
Conductance measurements have shown to be useful in the investigation of the behaviour 
of electrolytes in solution. Several investigations have been carried out in which these 
measurements were used to determine the composition of metal-ion complexes involving 
macrocycle ligands and metal cations in different media 10• 
Conductometric titrations are used to determine the complex stoichiotnetry between 
macrocycles and metal cations in solution. A variation in the electrical conductance for 
the salt by the addition of the ligand at different concentrations provides information 
regarding the composition of the metal-ion complex. Stability constant values can be 
determined from these data10• However the derivation of log Ks values requires very 
accurate conductance data. In this work, conductance measurements were carried out 
with the aim of determining i) the composition of the metal-ion complex ii) qualitatively 
the extent of complexation . Prior to discuss the results obtained from conductometry, the 
cell constant was determined. 
3.6.1. Determination of the conductivity cell constant at 298.15 K 
The cell constant was determined using the experimental procedure described in Section 
2.4.4.3 (Chapter 2). Thus conductance measurements were performed. Thus. Table 3.24 
lists the concentrations of KCl (mol dm-3), the conductance data S (.Q-1), the molar 
conductance Am (.Q-1 cm2 mor1) and the cell constant, fJ at 298.15 K. The average value 
of the conductivity cell constant () (cm-1) was found to be 0.98 ± 0.01 cm-1 at 298.15 K. 
The standard deviation of the data was calculated using eqn. 3.14. Having determined the 
cell constant, conductometric titrations were carried out in several solvents and these are 
now discussed. 
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Table 3.24 Conductance data of an aqueous solution of KCI at various concentrations 
at 298.15 K. 
[KCI] (mol.dm-3) s (0-1) Am (S. cm2.mor1) e (cm-1) 
4.22 X 10-4 6.65 x 10·5 147.45 0.98 
8.41 X 10-4 1.29 X 104 146.65 0.97 
1.26 x 10·3 1.91 X 104 146.05 0.98 
1.67 x 10·3 2.51 x to-4 145.55 0.98 
2.o8 x 1 o-3 3.11 x 1 o-4 145.12 0.98 
2.49 x 1 o-3 3.72 X 10-4 144.73 0.98 
2.9o x 10·3 4.31 x 10-4 144.38 0.98 
3.30 X 10-3 4.89 X 10-4 144.07 0.98 
3.69x 10-3 5.46 x 10·4 143.78 0.98 
4.08 X 10-3 6.04 x 10·4 143.50 0.97 
4.47 x Io-3 6.53 x 10·4 143.25 0.99 
4.86 X 10-3 7.09 X 10-4 143.01 0.98 
3.6.2. Conductometric titrations of metal cations with Ll, L2 and L3 in acetonitrile 
at 298.15 K 
The results obtained from the conductometric titrations of Hg2+, Ag+, Pb2+, Cd2+, Cu2+, 
Zn2+, Ni2+ and Ca2+ (perchlorate as counterNion) with Ll in acetonitrile at 298.15 K are 
shown in Appendix 5, Tables 1N8. Thus molar conductance, Am (S cm2 mor1), recorded 
after each ｾ､､ｩｴｩｯｮ＠ of the ligand to the metalNion salt in the reaction vessel and the ligand 
:metal cation [Ll] : [Mn+] concentration ratios, on the molar scale are reported. All plots 
show a similar behaviour where no (or small) changes in the molar conductance are 
observed (straight lines). Representative examples of these plots (molar conductances, 
Am, as a function ofthe ligand: metal cation (Ll : M11+) ratio) are shown for Hg2+ and Ag+ 
in Figs 3.9 and 3.1 0. These findings suggest that the receptor Ll does not interact with 
these metal cations or if it does, the interaction is likely to be very weak indeed. It should 
be noted that the molar conductances values at infinite dilution for the salts investigated 
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in this work in acetonitrile were within the range expected as compared with the values 
reported in the literature. These are 369.1750•177, 186.69178, 348.12179, 352.36179, 
380.60180•179, 313.3 179, 358.5 179 and 303.8181•179 (S cm2 mor1) for Hg2\ Ag\ Pb2+, Cd2\ 
Cu2+, Zn2+, Ni2+ and Mg2+ respectively. 
Fig. 3.9 
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Conductometric curve for the titration of Hg2+ (perchlorate as counter-ion) 
with Ll in acetonitrile at 298.15 K. 
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Fig. 3.10 Conductometric curve for the titration of Ag+ (perchlorate as counter-ion) 
with Ll in acetonitrile at 298.15 K. 
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Tables 9 and 10 (Appendix 5) show the results obtained for the conductometric titration 
of Ag+ and Pb2+ with L2 in acetonitrile at 298.15 K. These Tables list the molar 
conductances values, Am, for each step of the titration as well as the concentration ratio 
([L2]1[Mn+]). Plots of Am against L2 I Mn+ concentration ratios are shown in Figs 3.11 
and 3.12 respectively. Thus a gradual decrease in molar conductance values is observed 
upon increasing the concentration of L2 in the vessel containing the metal-ion salts. This 
is expected due to the conversion of the free metal cation into the metal cation complex, 
where the size of the latter is larger than the former and therefore its mobility decreases, 
hence, its molar conductance. 
The continuous variation in the molar conductance with increasing the ratio ([L2] I 
[Ag+]) or ([L2] I [Pb2+]) concentration ratio, suggests the formation of a moderate or 
weak complex. Extrapolation to interception of the linear portions of the titration curve 
yields the composition of these complexes which was found to be of 1 : 1 (ligand : metal 
cation) stoichiometry. 
As far as mercury (II) is concerned, the data obtained from the conductometric titration 
are listed in Table 11 (Appendix 5) and the corresponding titration curve of this cation 
and L2 in acetonitrile at 298.15 K is shown in Fig. 3.13. A decrease in conductance due 
to complex formation is shown from A to B. However a sharp break is observed at a 
rather unusual ligand : metal cation stoichiometry ( --0.3) indicating that several cations 
are interacting per unit of ligand. However an increase from B to C is observed. No 
further changes are observed from C to D. A break is observed at C but it _ was not 
possible to establish the stoichiometry of the reaction. A similar situation was found for 
Cu2+ and L2 in acetonitrile where a sharp break was observed at rv 0.25 (ligand : metal 
cation) concentration ratio (see Fig. 3.14) suggesting the formation of metallated 
complexes. The corresponding conductance data are listed in Table 12 (Appendix 5). 
Data for the conductometric titration involving Cd2+, Zn2+, Ni2+ and Co2+ titrated with L2 
in acetonitrile at 298.15 K are shown in Tables 13-16 in Appendix 5. Plots of Am against 
L2 I Mn+ concentration ratios are shown in Figs 3.15-3.18 respectively. It can be seen that 
small variations in the molar conductances throughout the course of the titration are 
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observed. Therefore, the results suggest that complexation between L2 and these metal 
cations are very weak or do not take place. 
Fig. 3.11 
Fig. 3.12 
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Conductometric curve for the titration of Ag+ (perchlorate as counter-ion) 
with L2 in acetonitrile at 298.15 K. 
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Conductometric curve for the titration of Pb2+ (perchlorate as counter-ion) 
with L2 in acetonitrile at 298.15 K. 
137 
Chapter3 Results and Discussion 
Fig. 3.13 
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Conductometric curve for the titration of Cu2+ (perchlorate as counter-ion) 
with L2 in acetonitrile at 298.15 K 
138 
Chapter3 Results and Discussion 
360 -- ----- -- --- -- --- -·-- --- -- ----- -- ----- -- ----· -·-- --- --·--·------·------------- ---------------- -- -
r 35o .r--.... -- -.. ------- ------- ------ ---------------------- -- ---------- ---------- --- ---------- --
·-a ........... . 
M: 340 Ｍ ﾷＭＭＭ Ｍ ＭＭ Ｍ Ｍ Ｍ Ｍ ＭＭ Ｍ ＭＭＭＭ Ｍ Ｍ Ｍ Ｍ ＭＭ ＭＭＭＭＭＭＭ ＭＭ ＭＭＭＭ ＭＭＭ ＭＭＭ ＭＭ Ｍ Ｍﾷ ＭＭ Ｍ ＭＭＭｾ Ｍ ｾ Ｍ ｾＡ Ｎ ＡｾＭｾＭｾｾＭｾＭﾷＭﾷＭﾷＭﾷＭﾷ Ｍ
ｾ＠
s 330 -- --- --------------- ----- ·-·------------- -------- ----- --------- ---·--- -- ----- -------- -· -··- ----- -· 
< 
320 ＫＭＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭｾ ｾ ＭＭＭＭＭＭｾｾｾＭＭＭＭＭＭｾｔＭＭＭＭＭＭｾＱ＠
0.0 0.5 2.0 2.5 
Fig. 3.15 Conductometric curve for the titration of Cd2+ (perchlorate as counterwion) 
with L2 in acetonitrile at 298.15 K 
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Fig. 3.16 Conductometric curve for the titration of Zn2+ (perchlorate as counter-ion) 
with L2 in acetonitrile at 298.15 K 
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with L2 in acetonitrile at 298.15 K 
Interaction of Ag +, Cu2+, Pb2+ and Cd2+ with L3 in acetonitrile was checked at 298.15 K. 
The corresponding data of these titrations are shown in Tables 17-20 (Appendix 5). 
Representative examples of these plots [molar conductances, Am, as a function of the 
ligand: metal cation (L3 : Mn+) ratio] are shown for Ag + , Cu2+ and Pb2+ in Fig. 3.19, Fig. 
3.20 and Fig. 3.21. 
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No significant changes in conductance are observed upon the addition of L3 to these 
metal cations suggesting that weak or no complexation takes place in this solvent. 
As far as Hg2+ is concerned, the data obtained from the conductometric titration are listed 
in Table 21 (Appendix 5) and the corresponding titration curve of this cation and L2 in 
acetonitrile at 298.15 K is shown in Fig. 3.22. An initial decrease in conductance is 
observed due to complex formation. The first end point is observed at Hg2+ :L3 ratio of 
0.5, indicating the formation ofHg2L34+ species. 
2Hg2+ (MeCN) + L3(MeCN) < ) Hg2L34+ (MeCN) 
The break at this point is significantly sharp suggesting the formation of a relatively 
strong complex. Further addition of the ligand may lead to a competition between the free 
ligand and the Hg2L 4+ complex and a subsequent transfer of one of the metal cations to 
the free ligand. Thus an increase in conductance is observed with the formation of a 1:1 
complex as reflected in the break of curvature observed at a ligand:metal cation 
concentration ratio of 1 : 1. 
Hg2L3
4
+ (MeCN) + L3(MeCN) < ) 2Hg L32+ (MeCN) 
In an attempt to assess the medium effect on the complexation process, conductometric 
titrations for these systems at 298.15 K were carried out in other solvents and these are 
now discussed. 
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Fig. 3.19 Conductometric curve for the titration of Ag+ (perchlorate as counter-ion) 
with L3 in acetonitrile at 298.15 K 
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Fig. 3.20 Conductometric curve for the titration of Cu2+ (perchlorate as counter-ion) 
with L3 in acetonitrile at 298.15 K 
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Conductometric curve for the titration of Hg2+ (perchlorate as counter-ion) 
with L3 in acetonitrile at 298.15 K 
3.6.3. Conductometric titrations of metal cations with L1, L2 and L3 in methanol 
at 298.15 K 
In order to investigate the medium effect on the complexation ofL1, L2 and L3 with the 
appropriate tnetal cations, conductometric titrations were carried out in methanol at 
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298.15 K. The molar conductances values at infinite dilution· for Hg2+, Ag + and Cu2+ are 
229.6750•182, 121.1 178, 235.47180 respectively. The values obtained in this work are within 
the range expected for these metal cations. 
Table 22 (Appendix 5) lists data for the conductometric titration of Ll with Hg2+ in 
methanol at 298.15 K, the corresponding plot is shown in Fig. 3.23. It shows a straight 
line, similar to that observed in acetonitrile. The results indicate that no complexation or 
weak complex takes place between Ll and Hg2+ in methanol at 298.15 K. 
As far as L2 and Pb2+, Ag +, Cu2+ and Hg2+ are concerned in methano 1, the results differ 
from those in acetonitrile in that no changes were observed by the addition of Pb2+ to L2 
in this solvent. Data are listed in Table 23 (Appendix 5). This finding indicates that either 
very weak or no complexation takes place in this solvent. 
On the other hand, the conductometric titration curve for the titration of Ag + with L2 in 
this solvent (Fig. 3.24) differs from that found in acetonitrile in that the first change in 
curvature is found at a ligand :metal cation concentration ratio of 0.5 which corresponds 
to a complex of 1 :2 (ligand : metal cation) composition. Further addition of the ligand 
leads to the formation of 1 :1 complex with the expected decrease in the Am values. 
Therefore it is concluded that for this system the composition of the metal-ion complex is 
altered in moving from acetonitrile to methanol. The change in complex composition in 
moving from acetonitrile (1: 1 ligand : metal cation complex) to methanol (1 :2 complex) 
could be attributed to the higher solvation of the silver cation in the former relative to the 
latter solvent ＨｌｬＬｇｯＨａｧＫＩＨｍ･ｏｈｾｍ･ｃｎＩ］＠ -30.12 k.J.mol-1) 176• Data for this system are 
listed in Table 24 (Appendix 5). 
In the case of Cu2+, the composition of the metal-ion complex was also altered in moving 
from acetonitrile to methanol where one ligand unit was able to interact with one Cu2+ 
metal cation. The data are listed in Table 25 (Appendix 5). The correspondi.ng plot is 
shown in Fig. 3.25. An increase in the molar conductances is observed upon addition of 
L2 to the Cu2+ salt. This may be attributed to, 
i) The metal complex salt is less solvated than the free metal-ion salt 
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ii) The Cu2+ free salt is slightly associated in this solvent. If so the formation of the 
complex upon the subsequent addition of the ligand may lead to an increase in the 
dissociation of the metal-ion complex relative to the free salt. A straight line was 
observed for Cd2+, Zn2+, Ne+ and Co2+ and L2 in this solvent. Therefore the 
addition of the ligand does not lead to any significant changes in the Am values 
suggesting that weak or no complexation has taken place either in acetonitrile or 
methanol and this is consistent with the 1H NMR studies (Section 3.5). 
Fig. 3.23 
Fig. 3.24 
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Fig. 3.25 Conductometric curve for the titration of Cu2+ (perchlorate as counter-ion) with 
L2 in methanol at 298.15 K 
Table 26 (Appendix 5) shows the results obtained for the conductometric titrations of 
Hg2+ with L2 in methanol at 298.15 K. Corresponding plot (Fig. 3.26) shows that a small 
decrease in conductance is observed from A to B. However this is followed by a dramatic 
increase in the Am values from B to C. In fact this jump is much higher than the one 
observed in acetonitrile. The distinctive break shown at the ligand : metal cation ratios at 
27 
0.25 and 0.5 appears to indicate the uptake of 4 and 2 
units of Hg2+ respectively per unit of ligand. 
In an attempt to explain these findings, previous work 
reported in the literature is considered. Highly 
metallated complexes involving resorcarene 
derivatives have been reported 183•184• Illustrative 
examples are those resulting from the interaction of 
these macrocycles and cobalt metal-ion salts. Thus 
complexes containing 8 and 16 cobalt cations have 
been shown. Again tetraphosphinitroresorcarene ligands are known to form cluster 
structures with silver (I) and copper (II) halides185• More recently, cation interactions 
between silver (I) and mercury (II) and tetrathiophosphonate calix[4]resorcarene 27 (a 
ligand with a common feature to L2 in that it contains sulphur donor atoms in its pendant 
146 
Chapter3 Results and Discussion 
arms) have been reported186• As far as 27 and silver is concerned, a complex of 1: 2 
(ligand : metal cation) stoichiometry was found. Isolation of this complex from acetone 
led to the formation of a self assembled complex containing two units of ligand and four 
silver (I) picrate moieties186, 272(AgPi)4• Acetone as well as chloroform are aprotic 
solvents and as such these offer suitable media for the formation of self-assembled 
complexes. This statement is further corroborated by the conductometric studies of Cu2+ 
and L2 in acetonitrile relative to methanol. Indeed, while in the dipolar aprotic medium, a 
metallated complex was formed, a 1 : 1 complex was found in methanol. For L2 and Ag + 
there is no evidence of the formation of self-assembled complexes with the silver cation. 
The fact that interaction of L2 with Ag + in acetonitrile led to the formation of a 1: 1 
complex in this dipolar aprotic solvent, exclude the possibility of forming a self-
assembled complex in a protic solvent such as methanol. The essence of these findings is 
that as far as resorcarenes and calixarenes are concerned the formation of different 
complex species in solution is strongly dependent on the solvent. 
Fig. 3.26 
-
.... 
75 
E 
N 
E 
(.) 
ｾ＠
ｾ＠
3so - --------- -·-··c··--------------------- -------- ---------------------- ---- -------- --7-• ..... ••••••••-
I D 300 - -- ------- -.- -- ---- -- -------- ------ ------- ------ ------------------ -- --- --- ------ ---
• 
• 250 ·-x·-- --- -- ------ ---- -- -- - ------- --- -- ------------- ------------------ --------- -
.._. 
200 ＫＭＭＭ］ｂＭＭＭｾｾＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭＮＭＭＭＭＭｾ＠
0.0 0.5 1.0 1.5 2.0 2.5 
[L2]/[Hgz+] 
Conductometric for the titration curve of Hg2+ (perchlorate as counter-ion) 
with L2 in methanol at 298.15 K 
The results obtained from the conductometric titrations of Hg2+, Ag+, Pb2+ and Cu2+ (as 
perchlorates) with L3 in methanol at 298.15 K respectively are listed in Tables 27-30 
(Appendix 5). Plots of Am against [L3] I [Mn+] are shown in Figs 3.27-3.29 respectively. 
An increase in the molar conductance was observed upon the addition of the ligand to 
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mercury (II) metal cation in methanol (Fig. 3.27) and a first curvature appears to be at 0.5 
which indicate that two mercury cations are captured by one unit of L3. Further addition 
of the ligand results in a continuous increase in the molar conductance and another 
curvature seems to indicate that a 1 : 1 stoichiometry is formed which means that one 
metal cation is taken up by one unit of L3. 
The conductometric titration curve of Ag + with L3 (Fig. 3 .28) shows that the slope of the 
curve is changing gradually. This indicates that the complex formed is of moderate 
strength. Extrapolation at low and high ligand I metal cation ratio gives an intersection 
corresponding to a complex of 1: I stoichiometry. These results differ from these in 
acetonitrile where no complexation was observed. This behaviour is best demonstrated on 
the thermodynamics associated with the complexation process discussed later on. 
The interaction of L3 with Cu2+ was checked by conductance measurements and the data 
illustrated in Fig. 3.29 suggests that complexation is unlikely to occur between this ligand 
and Cu2+ in methanol at 298.15 K. 
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Fig. 3.27 Conductometric curve for titration of Hg2+ (perchlorate as counter-ion) 
with L3 in methanol at 298.15 K 
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3.6.4. Conductometric Titrations of Metal Cations with Ll and L3 in dimethyl 
sulphoxide at 298.15 K 
In this section the conductometric titrations of Hg2+ with Ll and L3 in d6-DMSO are 
discussed. These titrations were caiTied out in order to assess the effect of the solvent on 
the complexation process. The data for both titrations are listed in Appendix 5 (Tables 31 
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and 32) respectively. Fig. 3.30 is a representative example for these titrations where small 
changes in conductance are observed suggesting that no complexation takes place 
between these ligands and the mercury metal cation in this solvent. A similar plot was 
obtained for the conductometric titration of Ag + and L3 in d6-DMSO, Data are shown in 
Appendix 5 (Table 33). 
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Conductometric curve for the titration of Hg2+ (perchlorate as counter-ion) 
with L3 in d6-DMSO at 298.15 K 
3.6.5. Cond uctomet.-ic titrations of metal cations with L3 in dimethyl form amide 
and propylene carbonate at 298.15 K 
Conductometric titrations of Hg2+, Ag+, Pb2+ and Cd2+ with L3 in DMF were carried out. 
The data are listed in Appendix 5 (Tables 34-37). A decrease in the molar conductance is 
observed (Fig. 3.31) upon the addition of L3 to Hg2+ in DMF. A clear and sharp break 
point is observed at the 0.5 stoichiometry (L3/Hg2+) of the reaction suggesting the 
formation of a relatively strong complex. Straight lines were observed by the addition of 
L3 to Ag+, Pb2+ and Cd2+ therefore, it implies that L3 does not recognise these metal 
cations in this medium. The conductometric titration curve for Ag + with L3 in DMF at 
298.15 K is given as a representative example (Fig. 3.32). It should be noted that the 
molar conductance values obtained for Hg2+ (140) and Ag+ (80S cm2 mor1) are close to 
the values, 138.46 (Hg2+)50 and 87.6 (S cm2 mor1) (Ag+) 178 reported in the literature·. 
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Conductometric titrations of Hg2+ and Ag+ with L3 were also checked in propylene 
carbonate. The data are listed in Appendix 5 (Tables 38 and 39). A decrease in the molar 
conductance upon addition of Hg2+ to L3 in this solvent was obtained. This is shown in 
Fig. 3.33 and it is attributed to the increase in size of the complexed cation relative to that 
of the free cation. The plot suggests the formation of 1 : 1 (ligand : metal) complex of 
moderate stability in propylene carbonate at 298.15 K. As far as Ag+ is concerned, the 
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titration curve (Fig. 3.34) shows a straight line suggesting that complexation did not take 
place in this solvent or it is very weak. The molar conductances at infinite dilution of 
these salts in this medium were checked and these are close to the reported values180, 45 
and 30 (S cm2 mor1) for Hg2+ and Ag+ respectively. 
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Conclusions 
From conductance measurements it can be concluded that: 
i) As far as Ll is concerned, conductance data showed no indication of changes in the 
slopes at any given molar ratio in MeCN, MeOH and d6-DMSO for alkali, alkaline-
earth, heavy and transition metal cations investigated. 
ii) As far as L2 and L3 are concerned, conductance data showed no indication of 
changes in the slopes at any given molar ratio in MeCN and MeOH for the alkali 
and alkaline-earth metal cations at 298.15 K. These results are in accord with the 1H 
NMR data obtained by the addition of these metal cation salts to L2 and L3 at 
298.15 K. This is not the case for heavy and transition metal cations. In MeCN and 
MeOH the conductometric titration curves show that: 
a) L2 interacts with Hg2+, Ag+, Pb2+ and Cu2+ in acetonitrile while it excludes 
Pb2+ in methanol. In acetonitrile, the interaction of Ag+ and Pb2+ with L2 leads 
to the formation of 1:1 complexes. As far as the interaction of L2 with Cu2+ 
and Hg2+ is concerned the situation is much more complex with the formation 
of metallated complexes. In MeOH, the interaction of Ag + and Cu2+ with L2 
show complex formation at 1 :2 (L2 : Ag +) and 1:1 (L2 : Cu2+) ligand metal 
concentration ratio respectively. Similar to acetonitrile, unusual stoichiometry 
was found in the conductometric curve upon the addition of Hg2+ to L2 in 
MeOH. The curve shows the uptake of 4 and 2 metal cations by one unit of 
L2. 
b) The slope of conductometric titrations of L3 with Hg2+ in MeOH and MeCN 
indicates that L3 is taking up to 2 Hg2+ metal cations in these solvents. As far 
as L3 with Hg2+ is concerned in DMF, DMSO and PC, the conductometric 
curves show that L3 have similar behaviour in DMF than that observed in 
MeCN and MeOH where 1:2 ligand:metal concentration ratio was observed. 
In PC, complex formation was found between L3 and Hg2+ with 1: 1 (L/M2+) 
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ratio while complexation was not observed in DMSO. This difference in 
stoichiometry in moving from MeCN, MeOH, DMF (1 :2, L3/Hg2+) to PC 
(1 :1, L3:Hg2+) and to DMSO (no complex) is probably due to the higher 
solvation of L3 in PC and in DMSO relative to other solvents (L3 is highly 
solvated in these solvents as was shown in Table 3.8). Hg2+ (as perchlorate) is 
also highly solvated in these solvents187• 
c) As far as Ag+ with L3 is concerned, complexation was only found in MeOH 
while 1:1 (L3:Ag+) ligand-metal concentration ratio. The lack of 
complexation in solvents such as MeCN and DMF relative to MeOH (1 :1 
complex) could be due to the higher solvation of Ag+ in these solvents relative 
to MeOH. Indeed Ag+ is more solvated in MeCN relative to MeOH 
Ｈｾ Ｑ ｇ Ｐ ＨａｧＫ｜ｍ･ｯｈｾｍ･ｃｎＩ＠ = -30.12 k.J.mo/-1) 176 and in DMF relative to MeOH 
(L\1G0 (Ag+) = -25.47 k.J.mor' )176• Based on these statements ｍ･ｏｈｾｄｍｆ＠
and taking into account the following equation: 
ｾ｣ｇ Ｐ Ｈｍ･ｏｈＩＭ ｾ｣ｇ Ｐ Ｈｍ･ｃｎＩ＠ = ｾｴｇ Ｐ ＨａｧＫ｜ｍ･ｏｈｾｍ･ｃｎＩ＠ + ｾｴｇ Ｐ＠ ＨｌＳＩＨｍ･ｏｈｾｍ･ｃｎＩ＠
Ｍｾ＠ G 0 (L3A +) 
t g (MeOH ｾｍ･ｃｎＩ＠
It follows that the lack of complexation of Ag + and L3 in acetonitrile is 
mainly due to the higher solvation of silver in MeCN relative to MeOH. Given 
that L3 is more solvated in MeOH than in MeCN, it was concluded that the 
solvation of Ag+ (in acetonitrile relative to MeOH) is the predominant factor 
in the 1:1 complex formed with Ag + in MeOH and the lack of complexation of 
the same metal cation with the same ligand in MeCN. 
On the other hand and as far as the other solvents are concerned, L3 was 
found (Table 3.8) to be solvated in PC, DMF and DMSO, therefore both, the 
free metal and the free ligand seems to contribute to the non complex found 
between L3 and Ag+ in these solvents. 
Due to the unusual behaviour observed in the conductometric titration curves of L2 with 
Hg2+ in acetonitrile and in methanol attempts to isolate the complex were made (see 
Experimental Part, page). This is discussed in the following Section. 
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3.7. X-ray studies 
The unusual behaviour observed in the conductometric titration curves of L2 and Hg2+ in 
acetonitrile and methanol led us to attempt to isolate the complex. 
X-ray diffraction studies were performed at the Universidad de Sao Paulo, Brazil, by 
Prof. Eduardo E. Castellano and at the Universidad Nacional de La Plata by Dr. Oscar E. 
Piro. 
A single-crystal X-ray diffraction study performed on the solid obtained from a MeCN 
solution revealed the composition of the metal-ion complex. Thus a mercury salt 
(SC2Hs)9 (Hg6. 3Cl04.H20) was obtained as shown in Figs 3.35 and 3.36 while Fig. 3.37 
reflect the polymeric packing. Tetrahedral and linear geometries are usually observed in 
the coordination chemistry of mercury ion188• Therefore it can be seen in Fig. 3.37 that 
three Hg2+ cations were found to be linearly coordinated to two sulphur atoms. The 
retnaining Hg2+ cations in Fig. 3.37 (3 Hg2+) were found in a tetrahedral environment of 
sulphur atoms. Therefore, it was concluded that the Hg2+ complex most likely 
decomposes into a quinone resorcarene 189 • Supplementary material showing the 
interatomic bond distances and angles around Hg2+ for the Hg2+-L2 complex are listed in 
Appendix 6. 
It should be noted also that some of the Hg2+ cations were found coordinated with the 
oxygen atom of the perchlorate counter ion. This is seen in Fig. 3.37. No details of the 
length bonds or angles have been provided for this latter. 
155 
, ..... , . . . . . · . ·:- •' .. '.· ...... _ 
Chapter3 Results and Discussion 
Fig. 3.35 
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Fig. 3.36 
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Asymmetric unit content of (SC2Hs)9Hg6.3Cl04.H20 showing the linear 
and tetrahedral coordination around the Hg (II) ions 
Having identified the composition of the complexes formed between L2 and metal 
cations in acetonitrile (Ag+ and Pb2+) and methanol (Ag+ and Cu2+), and between L3 and 
Ag+ and Hg2+ in acetonitrile and with Hg2+ in PC and DMF, the thermodynamics of these 
systems in these solvents are discussed in the next section. 
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3.8. Thermodynamics of complexation of L2 and L3 and metal cations at 298.15 K 
To proceed with the thermodynamics of complexation involving ionic species it is 
important to know that the free metal-ion ,and complex salts used in these measurements 
are fully dissociated so cations and anions are predominantly as ionic species in solution. 
The speciation present in solution must be checked particularly when multicharged ions 
are investigated in non-aqueous media since they have a more pronounced tendency to 
undergo ion-pair formation with the counter-ion than univalent cations177• Previous work 
of Danil de Namor and coworkers at the Thermochemistry Laboratory50•177-180 has 
covered the range of concentrations at which cations and anions are dissociated in 
solution. Therefore these salts are predominantly in their ionic forms at the concentrations 
used in this work at 298.15 K. 
3.8.1. Potentiometry 
The potentiometric titration method 190 is one of the most precise and accurate techniques 
for the determination of metal ion activities. The technique allows the determination of 
the stability constant of the silver-ion complex (using silver electrode) or the mercury-ion 
complex (using mercury amalgam electrode) at 298.15 K when the concentration of the 
free metal ion at equilibrium is known as well as the total concentrations of the metal ion, 
the ligand and the ratio of the metal ion I ligand complex. This technique was_ used to 
determine the stability of complexes with log Ks values higher than 6. 
The basic equation in potentiometry is the Nernst equation, which relates the activities of 
electroactive species (a) at the surface of the electrode to the potential of that electrode 
(E) as shown in eqn. 3.15. 
0 RT aMn+ 
E=E Mn+jM+-In--
nF aM 
eqn. 3.15 
In eqn. 3.15 E0 M is the standard potential of the electrode (a= 1 mol dm-3), R is the gas 
constant (8.314 J mor1 K-1), Tis the temperature in Kelvin, F is the Faraday constant 
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(96.487 x 103 C mor1) and n is the number of electrons in the redox process, aM,+ and aM 
are the activity ofthe metal cation and the metal (aMo= 1), respectively 191 • 
3.8.1.1. Calibration of the silver electrodes 
As described in the Experimental Section (Section 2.5.7.2) the silver electrode was 
calibrated in order to check its reliability. Fig. 3.38 shows a plot of potential versus -log 
[Ag+]. The slope of the plot (-60.63 mV) shows a reasonable agreement with the 
theoretical value expected from the Nernst equation (-59.16 mV) for univalent cations at 
298.15 K. 
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Calibration of the silver electrode in methanol at 298.15 K. 
4.2 
3.8.1.2. Determination of the stability constants of L2 with silver cation in 
methanol at 298.15 K. 
The stability constant of L2 with the Ag+ cation in methanol at 298.15 K was determined 
by potentiometry. The overall process is described by eqn. 3.18 which is the result of the 
processes shown in eqns. 3.16 and 3.17. As previously discussed, the composition of the 
metal-ion complex was 2:1 (metal cation: ligand) in this solvent. 
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Ag+ +L K,, ｾ＠ ａｾｲＫ｟｟ＮＭＭ(MeOH) (MeOH) ｾｍ･ｏｈＩ＠ eqn. 3.16 
A A,...r+ ---- A + Ks2 (A L)2+ ｾｍ･ｏｈＩ＠ + g (MeOH) ｾ＠ g2 (MeOH) eqn. 3.17 
eqn. 3.18 
An electrochemical cell, formed by two silver electrodes was used as described in the 
Experimental Section. The electromotive force, emf (m V), measured by the 
potentiometer is the difference between the potentials ( eqn. 3 .19) of the two silver 
electrodes at the same temperature. 
0 RT 0 RT RT ｾ＠Emf=E2 -E1 =EAg+-lna -EAg--lna =-ln-
Thus, 
a Emf= 59.16log-2 
at 
nF2 nF'nFa1 
for n = 1 
eqn. 3.19 
eqn. 3.20 
The ionic strength was kept constant by using TBAP and therefore, the activities in eqn. 
3.20 can be expressed in terms of concentrations (eqn. 3.21) 
c Emf= 59.16log_1_ 
ct 
eqn. 3.21 
The concentration of the free silver cations in the working vessel can be easily calculated 
from the electromotrice force readings since the potential of the reference electrode is 
constant. 
The stability constant of the silver complex formed in the process represented by eqn. 
3.18, was calculated using the expression given in eqn. 3.22192, 
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eqn. 3.22 
In eqn. 3.22, [Ag2E+], [Ag+], [L] are the equilibrium concentrations of the complex, 
the free silver cation and the free ligand respectively. 
The total concentrations of ligand, [ L ]T and silver cation, [ Ag + ]T, are known. The 
concentration of the free silver cation can be found from the potential readings ( eqn. 
3.21). From tnass balance equations, the following expressions are obtained: 
eqn. 3.23 
eqn. 3.24 
Therefore, it can be shown that values of Ks and Ks are given by 
I 2 
K _ [Ag+L] 
51
- ([Ag+]r -[Ag£-]-2[Ag2L2+l)([Llr Ｍ｛ａｧﾣＭ｝Ｍ｛ａｧＲｾＫｬＩ＠ eqn. 3.25 
and 
eqn. 3.26 
eqn. 3.27, following the same calculation process that was explained in Section 2.4.5.3.1, 
was used to calculate the Ks values. 
a[Ag+ L]3 +b[Ag+ Lf +c[Ag+ L]+d = 0 eqn. 3.27 
A computer program 193 "SUPERQUAD" was used to treat the potentiometric data. Thus, 
the complexes of L2 with Ag+ in methanol were found to possess a 2:1 (metal cation : 
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ligand) stoichiometry in the conductance measurements at 298.15 K. The corresponding 
stability constants for the first and the second processes are shown in Table 3.25. 
Table 3.25 Stability constants and derived standard Gibbs energies of complexation of 
L2 with the silver cation in methanol at 298.15 K determined by 
potentimnetry. 
Ag+ (MeOH) + L(MeOH) ｾ＠ Ag+ L(MeOH) 
log Ks = 9.53 ± 0.04 
ｾ･ｇ Ｐ＠ (kJ mor1) = -54.4 ± 0.2 
log Ks= 7.21± 0.04 
ｾ･ｇ Ｐ＠ (kJ mor1) =-41.1 ± 0.2 
In order to understand better the process of complexation taking place, the enthalpy and 
entropy of complexation should also be determined. Then it would be possible to state 
which of these two factors ( ｾ｣ｈ Ｐ＠ or ｾ｣ｓ Ｐ Ｉ＠ has a greater influence on the complex 
stability. The best method for the determination of enthalpy is calorimetry and this is 
discussed in the following Section. 
3.8.2. Calorimetry 
3.8.2.A. Calibration of the Tronac 450152 
Calibration of the Tronac 450 was performed in order to obtain data with the highest 
accuracy and precision. The Burette Delivery Rate (BDR) was measured and the standard 
enthalpy of protonation, ｾｰｈ Ｐ Ｌ＠ of THAM in HCl at 298.15 K was determined. 
The burette delivery rate determines the amount of the titrant delivered by the burette in a 
known period of time. A plot of time against the volume of water is shown in Fig. 3.39. 
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From the slope of the plot given above, the BDR = 6.7 X 1 o-3 ml.s-1• 
Having established the BDR of the burette to be used in the calorimetric titrations, the 
standard reaction involving tris [hydroxylmethyl]-aminomethane and an aqueous 
solutions of hydrochloric acid was carried out and this is now discussed. The aim of this 
experiment is to check the reliability of the equipment used for the determination of the 
thermodynamic parameters of complexation of these ligands (L2, L3 and L4) with metal 
cations in the appropriate solvents. 
ii) Standard reaction ofprotonation ofTHAMwith HCI in aqueous medium at 
298.15 K. 
The determination of the enthalpy of protonation of THAM (tris [hydroxyl methyl]-
aminomethane) in an aqueous solution of hydrochloric acid (0.1 mol.dm-3) was carried 
out at 298.15 K using the Tronac 450 macrocalorimeter as described in the Experimental 
Section. The process taking place is described by eqn. 3.28 
eqn. 3.28 
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The total heat of reaction which was recorded during the titration experiment, q r , was 
corrected for the heat of hydrolysis of THAM in water, q11 and for the heat of dilution of 
THAM, qd. Therefore the heat ofprotonation is expressed in eqn. 3.29, 
eqn. 3.29 
Table 5.3.1 shows the data for the calculation of the LJpff. Abbreviations are as follows, 
V, is the volume (ml) ofTHAM added into the vessel containing the HCl solution. Qr, Qh 
and Qp are the notations used to indicate heats of reaction, hydrolysis and protonation 
respectively. n is the number of moles ofTHAM added. 
The hydrolysis reaction of THAM in aqueous solution may be represented by: 
eqn. 3.30 
In eqn. 3.30, the hydrolysis constant, K11, is given by: 
K = [HTHAM+]x[OH-] 
" [THAM] eqn. 3.31 
The reported value expressed as log Kh is -5.929194• 
The molar concentration of on- was calculated from eqn. 3.32, 
eqn. 3.32 
and the heat associated with the hydrolysis of THAM in water at 298.15 K was calculated 
from eqn. 3.33 
eqn. 3.33 
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In eqn. 3.33, V (dm3) denotes the volume of THAM added in each step and 8 11H 0 is the 
notation used for the enthalpy of water formation (-55.89 kJ mor1) 195 at 298.15 K. 
Therefore, the enthalpy ofprotonation, fl. PH, is expressed by eqn. 3.34 
fl. H = qp 
P n 
eqn. 3.34 
In eqn. 3.34, n is the number of moles ofTHAM added in each step ofthe titration. 
Data obtained from this experiment are shown in Table 3 .26. The standard deviation of 
the data was calculated using eqn. 3.14. 
Table 3.26 Standard enthalpy of protonation of an aqueous solution of THAM with 
HCI at 298.15 K. 
V(ml) Qr (J) Qh(J) Qp(J) n (mol) flpH (kJ.tnor1) 
0.0231 -0.5631 -9.91x 10"4 -0.5622 0.012 -48.45 
0.0205 -0.4863 -8.79 x 1 o4 -0.4855 0.010 -47.17 
0.0189 -0.4576 -8.10 x 1 o4 -0.4577 0.009 -48.16 
0.0203 -0.4991 -8.70 x 1 o-4 -0.4983 0.010 -48.90 
0.0194 -0.4480 -8.33 X 10-4 -0.4471 0.010 -45.84 
0.0193 -0.4544 -8.27 X 10-4 -0.4545 0.010 -46.82 
0.0202 -0.4800 -8.67 X 10-4 -0.4791 0.010 -47.17 
0.0206 -0.4991 -8.82 X 10-4 -0.4983 0.010 -48.25 
0.0198 -0.4863 -8.47 X 10"4 -0.4865 0.010 -48.93 
The value calculated is an average of the data given in the above table , flpH0 = -4 7. 7 ± 
0.8 kJ.mor 1• This is in good agreement with that reported by Wilson and Smith196 (-47.5 
± 0.3 kJ mor1) and the ones previously determined at the Thermochemistry Laboratory, 
University of Surrey (-47. 6 ± 0.3 kJ.mor1) 157 
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3.8.3. Determination of the thermodynamic parameters of complexation of L2 with 
metal cations in MeCN and MeOH at 298.15 K. 
Stability constants and derived standard Gibbs energies, 11cGo, enthalpies, 11cHo and 
entropies, !1cso of complexation of L2 with Ag+ and Pb2+ in acetonitrile and with Ag+ 
and Cu2+ in methanol at 298.15 K are listed in Table 3.27. Stability constant data 
obtained from potentiometric titrations for L2 with Ag+ in MeOH are also included. 
The results in Table 3.27 clearly show that in acetonitrile, the lead and silver complexes 
are relatively weak. In both cases, the process is enthalpically controlled and entropically 
destabilized. The higher stability of Ag + and L2 relative to Pb2+ and this ligand in this 
solvent is due to the lower decrease in entropy of the former relative to the latter system. 
This is mainly attributed to the higher desolvation of Ag+ (highly solvated in acetonitrile) 
relative to Pb2+ in this solvent. Indeed the desolvation of the cation will lead to a decrease 
in enthalpic stability (less exothermic) with an entropy increase (Ag+ relative to Pb2+) as 
reflected in these data. 
eqn. 3.35 shows that the medium effect on the thermodynamics of complexation (f1cpo, 
P = G, H, S) of a metal cation and a ligand between two solvents ( s1 and s2 ) is 
dependent of the transfer thermodynamic parameters of the reactants (Ag + and L2) and 
the product ( Ag + L2) from the reference solvent ( s1 ) to any other solvent ( s2 ). 
Therefore, in order to assess the medium effect on the complexation process involving 
Ag+ cation and L2, the complexation ofL2 with Ag+ in MeCN (eqn. 3.36) and in MeOH 
(eqn. 3.37) is considered. 
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AcP0 (S2 )-AcPa(s1 ) = A,P0 [Ag+ L2](MeOH ｾｳ Ｒ ＩＭａＬｐ Ｐ ｛ａｧＫ｝Ｈｍ･ｏｈ＠ ｾｳ Ｒ Ｉ＠
-A,P0 [L2](MeOH ｾｳ Ｒ Ｉ＠
Ag+ (MeOH)+L2 Ｈｍ･ｏｈＩＭｾ＾ａｧＫｌＲ＠ (MeOH) 
eqn. 3.35 
eqn. 3.36 
Ag+ (MeCN) + L2 (MeCN) ｾ＠ Ag+ L2 (MeCN) eqn. 3.37 
In assessing the medium effect, it is of importance to analyse the variation in AcHa and 
AcSa as a result of transferring the reactants and the product from one medium to 
another. The lack of information on the solution enthalpies of the complex and the free 
L2 made not possible the assessment of the medium effect in terms of enthalpies. 
However, the solubility data of L2 in the two solvents (MeOH and MeCN) (Table 3.7) 
and that of Ag+ cation (as perchlorate) 176 in the same solvents made the interpretation 
possible in terms of Gibbs energies. Therefore, complexation of L2 and Ag + in the two 
solvents (Table 3.27) and transfer Gibbs energy data for the cation176, the ligand (Table 
3.7) and the complex cation (obtained via the cycle shown below) from MeOH to MeCN 
are inserted in the following thermodynamic cycle (expressed in terms of Gibbs 
energies), 
Ag+ (MeOH)+L2 Ｈｍ･ｏｈＩＭＭＭ Ｕ Ｍ Ｔ ＮＴ｟ｫｊ｟ｭ｟ｯ｟ｲ Ｑ ｾ＾＠ Ag+ L2 (MeOH) 
1-30.12 kJ mor1 1 2.43 kJmof1 18.46 kJ mof1 
Ag+ (MeCN) + L2 (MeCN) -ts.zs kJ mor1 > Ag+ L2 (MeCN) 
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The data in the cycle clearly illustrates that it is the lower solvation of the free cation in 
MeOH relative to MeCN which contribute most significantly to the higher stability of the 
complex in the former relative to the latter solvent. This is reflected in the 
ｬｬＬｇ Ｐ ＨａｧＫＩＨｍ･ｯｈｾｍ･｣ｎＩ＠ = -30.12 kJ.moz-1176 (data based on the Ph4AsPh4B convention)49. 
To a much lesser extent, complex solvation (higher in MeOH than in MeCN) also 
contributes favourably to the higher stability in the alcohol relative to the aprotic solvent. 
As far as Cu2+ is concerned, the poor solvation of Cu2+ in acetonitrile 
[ll,Go Cu2+ Ｈｈ Ｒ Ｐｾｍ･ｃｎＩ＠ =50.21 kJ mort, data based on the Ph4AsPh4B 
convention] 49 favours the formation of metallates in this solvent whereas a complex of 
1:1 (metal cation : ligand) stoichiometry is found in methanol. Indeed, the rather positive 
entropy and the lower enthalpic stability (Table 3.27) shown for this system in methanol 
strongly suggest that the metal cation may undergo strong desolvation upon complexation 
in this alcohol. These results contrast with those for Ag+. As any cation having d10 
electronic configuration, Ag+ backhands its d electrons to acetonitrile197 and therefore it 
is well solvated in this solvent. As a result, it is reluctant to interact with the ligand to the 
extent that the complex stability reflects the formation of a weak complex in this solvent. 
In fact taking into account the ll,Go value of reactants and product from acetonitrile to 
methanol (as shown by the thermodynamic cycle) it follows that it is the solvation 
changes that the cation undergoes in these two solvents the main contributor to the higher 
complex stability observed for this cation and L2 in methanol relative to acetonitrile. It is 
a general phenomenon that a good solvator for the reactants is a poor medium for 
complexation63 • 
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Table 3.27 Thermodynamics of complexation of L2 with metal cations in acetonitrile 
and methanol at 298.15 K. 
( 
s 
12 
L2 logK8 
ｾｇｯ＠ ｾ｣ｈ Ｐ＠ ｾ｣ｓ Ｐ＠. c 
(kJ mor1) (kJ mor1) (J K-1 mor1) 
Acetonitrile 
Pb2+ 2.83 ±0.01a -16.15 ± 0.01 -35.7 ± 0.1 a -66 
Ag+ 3.20 ± 0.01a -18.27 ± 0.01 -28.3 ± 0.5a -34 
Methanol 
Cu2+ 3.4 ± O.la 
-19.5 ± 0.6 -2.9 ± 0.5a 56 
(1:1) 9.53 ± 0.04b -54.4 ± 0.2 
-32.40 ± 0.04a 74 
Ag+ 
7.21± 0.04b (1:2) -41.1 ± 0.2 
-24.50 ± 0.04a 57 
Overall 16.74 ± 0.08 -95.5 ± 0.4 
-56.90 ± 0.08 130 
a Calorimetric data, 6 Potentiometric data 
3.8.4. Determination of the thermodynamic parameters of complexation of L3 with 
the appropriate metal cations in MeCN and MeOH at 298.15 K. 
Thermodynamic parameters for L3 with Ag+ in MeOH were determined by titration 
calorimetry at 298.15 K and the results obtained are shown in Table 3.28. For comparison 
purposes data for the 1:1 complexation process involving L2 and Ag + in the same solvent 
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and temperature are also included in this Table. It can be seen that the complexation 
process taking place with L3 and Ag+ is enthalpically controlled and entropically 
destabilised. Comparison of log Ks values for L3 and Ag+ in this solvent (log Ks = 4.89) 
relative to that for the same cation and L2 in the same solvent (log Ks = 9.53) show that 
the stability of the complex is twice greater for the latter ligand and this cation in this 
solvent. The decrease in the stability constant of Ag+ in going from L2 to L3 must be 
attributed to the decrease in the number of sulphur donor atoms in L3 (two sulphur donor 
atoms) relative to L2 (four sulphur donor atom). 
It can be seen from the thermodynamic parameters of complexation with Ag+ metal 
cation that the process involving L2 is enthalpically controlled and entropically favoured. 
However for the system involving L3 and Ag+ in MeOH, the enthalpic stability of the 
system is greater than for L2 and this cation in this solvent. In addition the process is 
entropically unfavoured. In order to understand this behaviour, molecular modelling was 
performed using hyperchem program. Energy minimised structures indicate that the first 
Ag + metal cation interacts with L2 through the sulphur donor atoms of two adjacent 
pendent arms. This first complexation leads to the breakage of two intramolecular 
hydrogen bonds and therefore energy is required. The second Ag + cation was interacting 
with the remaining two sulphur donor atoms of the remaining adjacent pendent arms (See 
Fig. 3.40-a). As a result, the complexation ofL2 with Ag+ is enthalpically less stable than 
that of L3 and this cation in this solvent and it is entropically favoured. 
This statement is further corroborated by the energy minimised structure of L3 with the 
Ag+ cation which suggests that no intramolecular hydrogen bonds are broken when the 
two sulphur donor atoms interact with this cation. (See Fig. 3.40-b) 
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Table 3.28 Thermodynamics of complexation ofL3 with Ag+ cations in MeOH at 
298.15K 
a Calorimetry, bPotentiometry. 
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a) 
b) 
Fig. 3.40 
Results and Discussion 
Equilibrium structures of a) L2-Ag+ and b) L3-Ag+ complex as 
determined by molecular simulations. Dotted line indicates hydrogen bond 
formation. 
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Stability constants of L3 with Hg2+ in acetonitrile, methanol and .N,N-dimethylformamide 
at 298.15 K were determined by potentiometry using the mercury electrode. In propylene 
carbonate, the stability constant was derived from titration calorimetry. Thus for the latter 
enthalpy data was also obtained. From stability constant data, the standard Gibbs energies 
of complexation was calculated using the following equation, 
ｾ＠ G0 = -RTlnK c s eqn. 3.38 
In this equation, Rand Tare the gas constant and the temperature in Kelvin. In propylene 
carbonate, the entropy of complexation was obtained from the ｾ｣ｇ Ｐ＠ and ｾ｣ｈ Ｐ＠ values 
us.ing the following relationship 
ｾ＠ G0 = ｾ＠ H 0 - T ｾ＠ S0 c c c eqn. 3.39 
These data are reported in Table 3.29. The results show that while in PC, a 1 : 1 complex is 
formed, in MeCN, MeOH and DMF, 1:2 complexes are formed. These data reflect that 
the medium effect is such that may reduce the hosting ability of the ligand to host this 
cation. Such is the case in propylene carbonate. 
The fact that it was not possible to determine the enthalpy associated with the 
complexation processes in MeCN, MeOH and DMF and consequently the entropy limits 
the interpretation of these data. In propylene carbonate, the process is enthalpically 
stabilised. However the large entropy loss observed upon complexation leads to a 
complex of moderate stability. It is therefore concluded that the hosting ability of L3 is 
enhanced in MeCN, MeOH and DMF relative to PC. However the medium effect on the 
complexation stability follows the sequence, 
MeOH > MeCN > DMF >PC 
Based on the ability of resorcarene derivatives (L2 and L3) to recognize Ag+ and Hg2+, 
extraction experiments were carried out in the water-dichloromethane solvent system 
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using L3 as the extracting agent for the silver cation and this is discussed in the next 
Section. 
Table 3.29 Thermodynamics of complexation of L3 with Hg2+ in propylene 
carbonate; Stability constants with Hg2+ in MeCN, MeOH and DMF. 
HO 
L3 
L3 logKs ｾ｣ｇ Ｐ＠ ｾ｣ｈ Ｐ＠ ｾ｣ｓ Ｐ＠(L:M) (kJ mor1) (kJ mor1) (J 1 K-1 mol) 
PC 
Hg2+ 
3.56 ± 0.07a -20.3 ± 0.4 -148.2 ± 0.5a -429 (1:1) 
Hg2+ MeCN 
(1 :1) 11.51b±0.02 -65.7 ± 0.1 
(1:2) 8.73 ± 0.08 -49.8 ± 0.4 
Overall 20.3 ± 0.08 -115.5 ± 0.4 
Hg2+ MeOH 
(1 :1) 13.91 b ± 0.04 -79.4 ± 0.2 
(1:2) 9.61 ± 0.09 -54.8 ± 0.4 
Overall 23.52 ± 0.08 -134.2 ± 0.4 
Hg2+ DMF 
(1:1) 10.49b ± 0.04 -59.9 ± 0.2 
(1 :2) 7.31 ± 0.08 -41.7 ± 0.4 
Overall 17.80 ± 0.07 -101.6±0.4 
a Titration calorimetry, bPotentiometry. 
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3.9. Extraction of silver picrate by L3 in the ｷ｡ｴ･ｲｾ､ｩ｣ｨｬｯｲｯｭ･ｴｨ｡ｮ･＠ solvent system 
Silver picrate was prepared as described in the Experimental Part. The elemental 
analysis is shown in Table 3 .30. It was carried out at the University of Surrey and the 
agreement between the calculated and found percentages is satisfactory. 
Table 3.30 Elemental analysis of the silver salt (as picrate). 
% calculated %Found 
C H N C H N 
21.45 0.60 12.51 21.42 0.42 12.22 
In order to proceed with the formulation of the equilibrium constant for the extraction of 
silver picrate from water [saturated with dichloromethane (DCM)] in a mutually saturated 
solvent system between L3 (in dichloromethane (DCM) saturated with water) and the 
tnetal - ion picrate (in water saturated with DCM), conductance measurements were 
performed to gain information regarding the stoichiometry of the process in the relevant 
solvent system. 
Silver picrate (AgPic) showed low solubility in DCM saturated with water. ( < 1 o-5 mol 
dm-3). Therefore conductometric titrations were performed between L3 with Ag+ at 
298.15 K using perchlorate as the ｣ｯｵｮｴ･ｲｾ＠ ion. 
3.9.1. Conductometric titration of Ag + (as perchlorate) with L3 in DCM saturated 
with water at 298.15 K. 
Fig. 3.41 shows the conductometric titration curve of Ag+ (as perchlorate) with L3 in the 
DCM saturated with water at 298.15 K. Upon the addition of the ligand (L3) to the metal 
cation salt placed in the conductometric vessel, an increase in the molar conductance was 
observed upon complexation. This increase in conductance might be due to the higher 
dissociation of complex relative to the free ｭ･ｴ｡ｬｾｩｯｮ＠ salt. 
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Extrapolation at low and high ligand/metal-ion ratio gave a distinctive break at the 1:1 
stoichiometry. The shape of the curve suggests the formation of a relatively moderate 
complex between L3 and the Ag+ cation. The limited molar conductance value of Ag+ 
cation obtained in this work was compared with previously reported results of Danil de 
Namor and coworkers 198 and was found to be in the expected range (==2} 
Fig. 3.41 
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Conductometric curve for the titration of Ag+ (as perchlorate) with L3 in 
DCM saturated with water at 298.15 K. 
In order to fully understand the extracting behaviour of L3 for a metal cation from water 
(saturated with DCM) to DCM (saturated with water), distribution experiments were 
carried out in the absence and in the presence of the ligand following the procedure 
extensively discussed by Danil de Namor and coworkers85•86• These are discussed in the 
following Section. 
3.9.2. Distribution of silver (as picrate) in the water-DCM Solvent System 199•85•86 
The distribution process of the metal-ion salt, MX, in the absence of the ligand, L is 
represented in eqn. 3.40 
eqn. 3.40 
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In eqn. 3.40, Kd denotes the distribution constant (eqn. 3.41) for the process involving 
free ions (M+ and x-) in water (w) and ion pairs (MX) in the non-aqueous solvent (s). 
K _ [MX](s)YMX(s) 
d - [M+J(w)[X-J(w)Yf(w) 
eqn. 3.41 
In this equation, []and Y+ denote concentration on the molar scale and mean ionic molar 
activity coefficient respectively. 
Danil de Natnor and coworkers63•199-201 has derived the following scheme to describe the 
distribution process of metal cations in water-organic solvent systems. 
i) The partition of the fully dissociated electrolyte in the mutually saturated solvents 
(see eqn. 3.42) 
ｍＫＨｷＩＫｘＭＨｷＩｾｍＫＨｳＩＫｘＭＨｳＩ＠
In eqn. 3.42, KP is the partition constant and it is defined in eqn. 3.43, 
K = M+(s) ｸＭＨｳＩｹｾＨｳＩ＠
P M+(w) x-(w)yf(w) 
eqn. 3.42 
eqn. 3.43 
ii) The ion-pair formation between M+ and x- in the water saturated organic phase, 
eqn. 3.44 
eqn. 3.44 
In this equation, Ka is the ion-pair formation constant and this is defined in eqn. 3.45, 
eqn. 3.45 
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Taking into account eqns. 3.41, 3.43 and 3.45, it follows that the distribution constant, 
Kd, is given in eqn. 3.46, 
eqn. 3.46 
On the other hand, the partition of the metal cation between the organic and water phase 
is evaluated from the distribution ratio, DM, given in eqn. 3.47 
D _ [M]T(s) M- [M]T(w) 
eqn. 3.47 
In eqn. 3.47, [M]r is the total concentration of species containing the metal expressed on 
the molar scale. 
Based on mass balance and electroneutrality, the following equation was derived in terms 
of concentrations. 
eqn. 3.48 
According to this equation, a plot of DM vs. [M+l(s), yields a straight line of slope= 
KaK ｐｾ＠ and intercept = K PJ;, from which K P and Ka can be calculated. 
Based on the formulation given above, distribution experiments were performed as 
described in the Experimental Part. The following Section reports the calibration curve 
used for the spectrophotometric determination of pi crates. 
i) Calibration curve 
Table 3.31 lists the concentrations of the picrate salt (mol dm-3) used in water saturated 
with DCM and the absorbance, Abs, at the wavelength of maximum absorption (354.5 
nm). A plot of absorbance versus the metal-ion concentrations in solution is given in Fig. 
3.42. 
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Table 3.31 Data of the calibration curve for Ag+ (as picrate) in water saturated with 
DCM at 298.15 K. 
[Ag+](mol dm-3) Abs 
1 x 1 o-5 0.15 
2 X 10-5 0.30 
3 X 10·5 0.45 
4 x 1 o-5 0.60 
5 X 10-5 0.74 
6 X 10-5 0.89 
7 X 10-S 1.02 
8 x 1 o-5 1.16 
9 X 10-5 1.32 
1 x 1 o-4 1.48 
1.5 
1 
0.5 
0 ＫＭＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾ＠
O.OE+OO 2.0E-05 4.0E-05 6.0E-05 8.0E-05 l.OE-04 1.2E-04 
[Pic-] 
Fig. 3.42 Calibration curve for the spectrophotometric determination of picrate in 
water (saturated with dichloromethane ). 
ii) Partition experiments 
Table 3.32 shows the equilibrium concentration of silver picrate in water, [Ag+]e (w) and in 
the organic phase, [ Ag]s· These data were used to calculate the distribution coefficients, 
DAg in this solvent system (eqn. 3.47). The concentration of silver ion in water, [Ag+]e(w) 
was calculated by using the following equation, 
180 
ｾ＠ . ....... ｾ＠ ·. 
Chapter3 Results and Discussion 
[Pi-] -[A +] _ Abs-1 
e(w) - g e(w) - S eqn. 3.49 
Where S and I represent the slope and the intercept of the calibration curve (Fig. 3.42) 
respectively. 
The concentration of silver in the organic phase, [Ag] 5, was calculated by subtracting the 
equilibrium concentration of silver picrate present in water from the initial concentration 
of silver in the water phase, ([Ag+](DCM)=[Ag+]i (w)·[Ag+]e(w)). Therefore a plot of DAg 
values in the mutually saturated solvents at 298.15 K against [Ag]ocM (Fig. 3.43) led to 
straight line of slope KaK/ 12 and intercept K/ 12 • Thus KP, Ka and Kd(KP x K0 ) 
values were calculated and these are listed in Table 3.33. From eqn. 3.46 it can be said 
that both processes, partition and ion-pair formation, contribute to the distribution of the 
metal-ion salt between the mutually saturated phases. However the data listed for silver 
as picrate in Table 3.33 show that Ka > K p which indicate that the predominant species 
in the organic phase are ion-pairs. 
Having determined distribution data in the absence of the ligand, the following Section 
discusses the distribution experiment which was carried out in the presence of L3 in the 
mutually saturated organic phase. 
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Table 3.32 Equilibrium concentration, absorbance and distribution ratio data from the 
distribution experiments of silver picrate in the water-DCM mutually 
saturated solvent system at 298.15 K. 
Abs 
0.30 
0.44 
0.58 
0.73 
1.01 
1.15 
1.29 
1.43 
Fig. 3.43 
[Ag+]e(w) [Ag+]s DAg 
1.97 x 10-5 2.52 x 10·7 1.28 x 10·2 
2.96 X 10-5 4.43 x to-7 1.50 X 10-2 
3.94 x 10-5 6.oo x to-7 1.52 x 10·2 
4.92 X 10·5 7.92 x to-7 1.61 x 10-2 
6.87 x to·5 1.26 x 10-7 1.83 x to·2 
7.83 x to-5 1.68 x 10·6 2.14 x to-2 
8.81 X 10"5 t.9o x to-6 2.16 x to-2 
9.76 x to-5 2.40 X 10"6 2.46 x 1 o-2 
0.04 
0.03 
y = 5248.38x + 0.01 
o.o1 --- -.--------- .--- --- -- --- -- ----- --- ----R2-=-o-.sg ·--------.--- --------.-------
0.00 -t---,-----r------.------.---.----, 
O.E+OO S.E-07 1.E-06 2.E-06 2.E-06 3.E-06 3.E-06 
(Ag]s 
Plot ofDAg vs. [Ag+](s) from distribution experiments of silver picrate in 
the water-DCM solvent system at 298.15 K. 
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Table 3.33 Partition, ion-pair formation and distribution constants of AgPic in the 
water-DCM solvent system at 298.15 K 
Ag Kp Ka Kd (as picrate) 
1.44 X 10-4 4.37 X 105 62.98 
3.9.3. Extraction of Ag+ by L3 in the water-DCM solvent system at 298.15 K 
The extraction process 199 in a mutually saturated solvent system is given by eqn. 3 .50, 
M+(w)+X-(w)+L3(s) Kex >ML3X(s) 
In eqn. 3.50, Kex is the extraction constant and it is defined in eqn. 3.51 
[ MLX](s) Yin K = r(s) 
ex + - 2 [M l(w)[X l(w)Y±[L3](s)YL3 
eqn. 3.50 
eqn. 3.51 
In eqn. 3.51, Yip, y(L) denote the molar activity coefficients of the ion-pair complex salt, 
the ligand (L3) while r ± refers to the mean molar ionic activity coefficient of the metal 
cation and its counter ion. The activity coefficient of the neutral ligand and the ion-pairs 
in solution at low concentrations are assumed to be approximately equal to unity. 
Using eqns. 3.41 and 3.51 and considering that ion pairs rather than ions predominate in 
the organic phase, DM+ can be expressed as follows, 
eqn. 3.52 
Rearrangement of eqn. 3.52 leads to the following expression85•86•201 , 
eqn. 3.53 
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D Therefore, a plot of +M vs. [L](s) is expected to give a linear relationship (assuming 
[M ](w) 
the formulated process is correct) from which Kd (the intercept) and Kex (the slope) can 
be calculated. 
Table 3.34 lists the percentages of extraction (% E) of Ag+ by L3 and the ([L3]/[Ag+]) 
ratios obtained from the extraction experiment in the water-DCM solvent system at 
298.15 K. 
A plot of percentages of silver cation (as picrates) extracted by the ligand (%E) vs. the 
ligand/metal ion concentration ratios is shown in Fig. 3.44. A broad curve is obtained. 
The extrapolation at low and high concentration ratios gives the stoichiometry of the 
extraction process which is 1:1 (ligand:metal cation concentration ratio). 
Table 3.34 Percentages of extraction (% E) and [L3]/[Ag+] ratios observed from 
distribution experiments in the presence of L3 in the organic phase in the 
water-dichloromethane solvent system at 298.15 K 
%E [L3]/Ag+] 
3.03 0.13 
14.83 0.26 
15.81 0.39 
23.19 0.52 
26.63 0.64 
29.97 0.84 
34.20 1.03 
36.46 1.29 
38.65 1.55 
37.44 1.80 
38.00 1.90 
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Percentages of silver extracted (% E) by L3 in a dichloromethane 
(saturated with water) as a function of the ligand : metal cation 
concentration ratios at 298.15 K. 
D A plot of +M vs. [L]8 gave a straight line (see Fig. 3.45) from which Kd (62.14) [M ](w) 
and Kex (2 x 1 08) values are calculated. 
20000 
15000 
:: 
'a ｾ＠ 10000 y= 20 X 107 X+ 62.14 
------------------------- Ｍｒｾ Ｍ ［［Ｚ Ｍ ＭＰ＠ .. 9-9- ---------------
Q 
5000 
0 ＫＭｾＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾ＠
OE+OO 2E-05 4E-05 6E-05 SE-05 1E-04 
[L3] 
Fig. 3.45 D Plot of M vs. [L3]8 for the extraction of the silver cation by L3 in [M+lw) 
the water-DCM solvent system at 298.15 K 
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The agreement found in the value of Kd obtained from distribution experiments in the 
absence (62.98) and presence (62.14) of the ligand demonstrate the reliability of the 
distribution data obtained. 
In an attempt to discuss the individual processes which contribute to the overall 
extraction process involving one unit of Ag + with one unit of L3 in the water-DCM 
solvent system, the formulation reported by Danil de Namor et al199 is considered. Two 
cases are considered, data are listed in Table 3.35, 
i) If the extraction proceeds through the interaction of the metal cation with the 
ligand, L3, in the water saturated DCM, then the individual processes 
contributing to Kex might be expressed as follows, 
Therefore, 
M+(w)+X-(w) Kp )M+(s)+X-(s) 
M+(s)+X-(s)+L(s) ｋｾ＠ ) MLX(s) 
eqn. 3.54 
eqn. 3.55 
eqn. 3.56 
ii) If the interaction with the ligand proceeds via ion-pairs species in the DCM 
saturated with water, the individual process contributing to Kex are those 
Therefore, 
described as Follows, 
M+(w)+X-(w) 
M+(s)+X-(s) 
MX(s)+L(s) 
K P ) M+ (s) + x- (s) 
Ka )M+x-(s) 
ｋｾ＠ )MLX(s) 
eqn. 3.57 
eqn. 3.58 
eqn. 3.59 
eqn. 3.60 
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Table 3.35 Individual processes contributing to the overall extraction of AgPic by L3 
in the mutually saturated water-DCM solvent system at 298.15 K. 
Kp Kd Kex R2 K" Kex K' _Kex (s)=K (s)- K 
d p 
1.44 X }Q-4 62.14 2Q X }Q1 0.99 3.2 X }Q.:> 1.4 X IOU 
According to the data given in Table 3.35, the joint contribution of K(s) is greater than 
K(s). This suggests that the individual processes involved in eqn. 3.56 are more likely to 
occur in the extraction of silver picrate from aqueous solution by L3 in the organic phase. 
Conclusions: 
From the above discussion on the thermodynamic of resorcarene ligands (L2 ad L3) and 
on the extraction of silver as picrate by L3, the following conclusions are drawn: 
i) L2 interacts with Ag + and Pb2+ in MeCN and the complexation is relatively weak. 
Both cases show that the complexation is enthalpically controlled and entropically 
destabilised. Higher stability with Ag + relative to Pb2+ was observed which was 
attributed to the higher desolvation of Ag+ relative to Pb2+ in MeCN. No 
complexation has been found between L2 and Pb2+ in MeOH while a 2:1 (silver 
cation:L2) complex was found between Ag + and this ligand in the same solvent. 
The difference in complex stoichiometry and stability of L2 with Ag + in MeCN and 
MeOH was attributed to the lower solvation of the free cation in MeOH relative to 
MeCN. Metallate formation between L2 and Cu2+ in MeCN was observed while a 
complex of 1:1 (metal cation:L2) composition was found in MeOH. The positive 
entropy and .the lower enthalpic stability suggest that metal cation may undergo 
strong desolvation upon complexation in this solvent. 
ii) L3 shows complexation with Ag+ in MeOH. The complexation is enthalpically 
controlled and entroplically destabilised. It was noticed that the strength of 
complexation between L2 and Ag+ is twice as great as that of L3 with the same 
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cation in the same solvent and at the same temperature. This was attributed to the 
number of donor atoms in L2 which is greater than that present on L3. Molecular 
modelling was performed in order to determine the energy minimised structures of 
the complex formed between L2 and L3 with the Ag + metal cation. This indicates 
that 1) For L2, the complexation with 2 Ag+ metal cations is accompanied by a 
breakage of two intramolecular hydrogen bonds 2) For L3 with Ag+, no 
intramolecular hydrogen bonds breakage was observed. This information led us to 
conclude that energy was required in case of complexation of L2 with Ag+ metal 
cation and this was reflected by the lower enthalpic stability obtained with a value 
almost half of that ofL3. 
iii) The extraction properties of resorcarene (L3) derivative for Ag + was investigated 
using the method extensively discussed by Danil de Namor and coworkers85,86,199 
for the extraction of calixarene derivatives, from distribution data for Ag + in the 
water : DCM solvent system at 298.15 K in the absence and in the presence of the 
ligand. Distribution data in the absence of L3 was used to derive the partition, K P , 
the distribution Kd and the ion-pair formation constant, Ka, for this salt in DCM 
(saturated with water). Kd values were also obtained from distribution data for the 
siJver salt (as picrate) in the presence ofL3. Extraction constants, Kex' also derived 
from these data was reported. Good agreement was found between the Kd values 
derived from experimental work carried out in the presence of L3 as well as in its 
absence. 
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Calix[4]arenes 
3.10. Synthesis of 25, 27-bis[N-(2-hydroxy-1,1-bishydroxymethyl ethyl)-
aminocarbo nylmethoxy ]-calix [ 4] arene-26,28-diol (L4)202 
2 
Ｘｾ＠
X OH 11 HO OH 
(L4) 
6 
OH 
7 
In order to synthesise L4, several reactions were carried out starting from the p-tert-butyl 
calix[4]arene as described in the Experimental Part. The calix[4]arene was first 
detertbutylated. The 1 H NMR in CDC13 at 298 K is shown in Fig. I (Appendix 7). Clear 
downfield signals for the aromatic (H-1, doublet and H-2, triplet) and the hydroxyl 
protons (H-5, singlet) were obtained. Upfield signals for the bridge protons, H-3 (doublet) 
and H-4 (broad) also appear in the spectrum. 
The second step involved the preparation of the 25, 27-bis (ethylethanoate) calix[4]arene 
26, 28 diol derivative. The 1H NMR spectrum in CDCh of this compound at 298 K is 
illustrated in Fig. 2 (Appendix 7). It shows 5 downfield signals which corresponds to the 
hydroxyl and the four aromatic protons. The spectrum shows also sharp signals for H-8 
(singlet), H-9 (quartet) and the bridge protons, H-3 and H-4 (doublets). An upfield signal 
for H-1 0 (triplet) is also shown. 
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The third step was the synthesis of the 25, 27-bis (ethanoic acid) calix[4]arene 26,28 diol 
derivative. The characterisation of this latter product was not clear either in CDCb or 
CD30D. A mixture of solvents was used to show the proton signals. Therefore CDCb I 
CD30D (10/1) was used as the solvent. The spectrum (see Fig. 3 (Appendix 7) shows the 
four aromatic protons (H-6, H-2, H-5 and H-1) between 6.5 and 7 ppm, The hydroxyl 
protons (H-7 and H-9) are not appearing in this mixture which could be due to a fast 
exchange with CD30D. 
The last step was the synthesis of the 25, 27-bis[N-(2-hydroxy-l,l-
bishydroxymethylethyl)-aminocarbonylmethoxy]-calix[4]arene-26,28-diol (L4), carried 
out as described in the Experimental Part. The 1H NMR spectra of L4 in d6-DMSO and 
CD3CN are shown in Figs. 4 and 5 (Appendix 7) respectively. Both spectra exhibited 
signals for the aromatic (H-1, H-5, H-2 and H-6), the NH (H-9), the hydroxyl (H-7 and 
H-11) and the bridge protons (H-3 and H-4). 
Gutsche203 has noted that the difference in the chemical shifts between the equatorial ( eq) 
and axial (ax) protons (8oax-eq) of the methylene bridge provides a measure of the 
flattening of the "cone" conformation adopted by calixarenes in solution. Thus a 8oax-eq = 
0.9 ± 0.2 ppm corresponds to a ligand in a "perfect cone" conformation while 0.5 ± 0.1 
ppm is for a "flattened cone" and 0 ppm for a 1,3- alternate" conformation. Values of 
8oax-eq greater than 0.9 ppm are indicative that the macrocycle adopts a distorted cone 
conformation50 . Table 3.36 shows the 1H NMR data for the free ligand (L4) in CD3CN, 
CD30D and d6-DMSO at 298 K. The data reveal that the .1.oax-eq for L4 in d6-DMSO, 
CD30D and CD3CN are 0.87, 0.87 and 0.78 ppm respectively. These values indicated 
that a cone conformation is adopted by this ligand in these solvents. These findings 
suggest that hydrogen bond formation between the functional groups of the pendant arms 
is likely to occur which play a role in stabilising the ligand in the "cone" conformation in 
these solvents. This is in agreement with the molecular modelling studies carried out by 
Smukste and Smihrud82 on this ligand in which they showed great intramolecular 
network of hydrogen bonds. 
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Table 3.36 1H NMR data for L4 in several deuterated solvents at 298 K 
o (ppm) 
ﾷｾ＠ OH 7 d6-CD3CN CD30D DMSO :tOH 11 
HO 
OH 
1 
=r- 7.18 6.93 7.19 5 6.99 7.16 7.04 
2 
=r- 6.83 6.73 6.82 6 6.74 6.78 6.66 
3 3.5 3.49 3.48 
4 4.28 4.36 4.35 
7 7.65 3.49 7.98 
8 4.54 4.59 4.55 
9 8.38 8.13 
10 3.76 3.92 3.73 
11 3.84 4.78 
1H NMR measurements in different solvents (Table 3.36) show the medium effect. Thus, 
significant downfield shifts are observed for H-7 (phenolic proton) (do = 0.33 ppm) and 
H-11 (do = 0.94 ppm) in moving from acetonitrile (protophobic aprotic solvent) to 
dimethylsulphoxide (protophilic aprotic solvent) while upfield changes are found for H-9. 
These changes seem to indicate that d6-DMSO interacts with this ligand through 
hydrogen bond formation. Downfield shifts are also observed in moving from CD3CN to 
CD30D (protic solvent) in H-5 and H-1 0 which indicate that this solvent is also able to 
enter hydrogen bond formation with the ligand. As far as 1H NMR data in CD3CN and d6-
DMSO are concerned, these findings are in harmony with the solubility of this ligand in 
acetonitrile and in protophilic dipolar aprotic solvents such as dimethylsulphoxide in that 
L4 undergoes solvate formation in the latter solvents while the solubility of L4 in 
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acetonitrile is found to be (8.31± 0.06) x 10-4 mol.dm-3 at 298.15 K. Having characterised 
this ligand in these solvents 1H NMR studies were performed aiming to assess the 
interaction of this ligand with ionic species (cations and anions) in CD3CN. In an attempt 
to investigate the medium effect on anion complexation, 1H NMR studies were also 
carried out in d6-DMSO. 
3.11. 1H NMR complexation studies 
1H NMR measurements were carried out in order to establish complex formation between 
this macrocycle (L4) and metal cations in the solvent of interest. 
As explained earlier in Section 3.5, chemical shift changes ( b.o = oc - oF ppm, where 
oc and oF denote the chemical shifts for the complex and the free ligand respectively) 
upon the addition of an excess amount of the metal cation solution to a solution of known 
concentration of the ligand give an indication regarding interactions between the ligand 
and the appropriate metal cations in a given solvent. 
L4 was investigated for its complexation with alkali, alkaline-earth and transition metal 
cations in CD3CN as well as with anions salts in CD3CN and d6-DMSO at 298 K. 
3.11.1. 1H NMR complexation studies of L4 with metal cations in CD3CN at 298 K. 
2 
ＸｾＰ＠
X OH 11 HO OH 
6 
OH 
7 
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Tables 3.37 and 3.38 show the chemical shift changes observed for the free ligand and 
its alkali and alkaline-earth metal cation complexes in CD3CN respectively at 298 K. No 
significant chemical shift changes were observed upon the addition of Na+, K+, Rb+ and 
Cs + (perchlorate as counter ion) to L4 in CD3CN suggesting that interaction between L4 
and these metal cations is not taking place in this solvent. Significant changes were 
observed for Li+ particularly in the hydroxyl protons (H-11). H-9 could not be detected in 
the spectra. This could be an indication of an interaction taking place between L4 and 
Li+. The fact that no significant changes were observed in the other protons of the ligand 
suggests that the changes observed could be due to a weak interaction between the 
lithium cation which is the smallest cation in its group and L4 in this solvent. 
Table 3.37 1H NMR chemical shifts (o) and chemical shift changes (do) of the ligand 
protons L4 prior and after addition of alkali-metal cations in CD3CN at 
298K 
CD3CN 8 do (ppm) I I (ppm) I 
Free 
I I 
! ! 
I (Protons) L4 I Li+ Na+ I ｾ＠ Rb+ I Cs+ I l 
1 } 7.18 l 0.03 I 0.01 0.01 0.01 I 0.00 I I 5 6.99 I 0.04 I -0.00 -0.01 0.00 0.00 I 
I 
2 } 6.83 I 0.05 I 
0.03 0.02 0.02 0.02 
I 6 6.74 
I 
0.03 0.02 I 0.00 0.00 0.02 I 
I 
3 3.5 0.05 I 0.01 I 0.00 
I 0.00 0.00 
I 
I 4 4.28 I -0.07 -0.02 I 0.00 0.00 0.00 I I 
7 7.65 I -0.02 -0.05 0.00 I 0.00 0.00 I I 
8 4.54 0.09 0.02 I 0.00 0.00 I 
0.00 
l I I 9 8.38 
I 
- ! Br. i 0.00 0.00 I 0.00 1 I 
I I I I 10 3.76 0.06 0.01 
' 
0.00 0.01 0.01 I I I I I 
I I I I 11 3.84 0.21 0.05 0.00 0.00 0.01 I I 
Br: Broad 
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As far as alkaline-earth metal cations are concerned, significant changes in chemical shift 
were clearly observed in H-10 and H-11 upon the addition of Mg2+ to L4. On the other 
hand, resonances of H-7, H-8 and H-9 were not detected due to overlapping signals 
which did not allow the calculation of the difference in the chemical shifts of these 
protons. The behaviour observed in these protons is similar to that seen upon adding an 
excess amount of Sr2+ salt to L4 in acetonitrile. However the addition of Sr2+ led to a 
downfield chemical shift changes in H-11 relative to the free ligand. Significant chemical 
shift changes were observed for H-11 and H-8 upon the addition of Ca2+ salt while the 
addition of Ba2+ resulted in chemical shift change for H-11. No significant chemical shift 
changes were observed for other protons. Unfortunately, the resonances of the pendent 
arm protons such as H-7, H-8 and H-9 were mostly obscured by an overlap in the signals. 
These findings suggest that interactions between L4 and alkaline-earth metal cations in 
acetonitrile are taking place through the hydroxyl groups of the pendent arms. Moreover, 
it can be seen that the difference in chemical shifts of H-11 is decreasing in going from 
Mg2+ to Ba2+ which could indicate that the strength of complexation is more pronounced 
for Mg2+ and decreases in going down the group. It should be noted that the change in the 
chemical shift of the aromatic protons was not significant. This could suggest that no 
significant changes in the L4 conformation was taking place upon complexation. 
Table 3.39 shows the chemical shifts of the free ligand in CD3CN prior and after addition 
of heavy and transition metal cations. A complete distortion in the NMR peaks was 
observed upon the addition of Pb2+ (as perchlorate) to the free ligand in solution. 
Therefore the proton signals could not be detected. Broadness and distortion were 
observed in the aromatic protons of L4 while adding Hg2+. This observation suggests that 
interaction may be taking place between this ligand and Pb2+ and Hg2+ cations in this 
solvent. The site of interaction could not be concluded. No significant chemical shift 
changes were observed upon addition of Cd2+ and Ag + to the free ligand which indicate 
that hardly any interaction is taking place with these cations in this solvent. However, 
significant chemical shift changes in H-7, H-8, H-10 and H-11 were observed upon the 
addition of Zn2+ to L4 in CD3CN. These findings suggest that complexation. is taking 
place between this ligand and the zinc metal cation. In contrast to H-11 which shows the 
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most significant chemical shift change, H-9 does not show any significant chemical shift 
change. Therefore it was concluded that the hydroxyl groups of the pendent arm in the 
lower rim of L4 provide the sites of interaction with this cation. This could result in a 
strong electronic cloud around the phenolic hydroxyl groups as reflected by the upfield 
shift observed in H-7 relative to that for the free ligand. 
Based on the chemical shift changes observed for Zn2+ and the alkaline-earth metal 
cations in acetonitrile, an attempt was made to correlate 88 values for the hydroxyl 
protons of L4 with the cation size. A plot of 88 against cation size is shown in Fig. 3 .46. 
Table 3.38 1H NMR chemical shifts (8) and chemical shift changes (88) of the ligand 
protons L4 prior and after addition of alkaline earth metal cations in 
CD3CN at 298 K. 
·s:o 
OH 8 (ppm) 88 (ppm) 
7 
(Protons) Free L4 Ba2+ XOH 1 11 } 7.18 0.04 HO OH 5 6.99 0.02 0.07 -0.03 -0.02 
2 } 6.83 0.05 0.06 0.02 6 6.74 0.03 0.08 0.06 
3 3.50 0.05 0.02 0.03 
4 4.28 -0.08 -0.08 -0.03 
7 7.65 
8 4.54 0.17 0.09 
9 8.38 
10 3.76 0.11 0.07 0.01 0.04 
11 3.84 1.72 1.62 0.8 0.40 
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Table 3.39 1H NMR chemical shifts (8) and chemical shift changes {do) of the ligand 
protons L4 prior and after addition of transition and heavy metal cations in 
CD3CN at 298 K. 
CD3CN 8 d8 (ppm) I (ppm) I 
Free I I Cd2+ I H 2+ I I (Protons) Ag+ Pb2+ Zn2+ I L4 ! I g I 
1 7.18 0.01 I 0.07 ! 0.04 } I Dist. I -I I I 5 6.99 0.02 0.03 I - 0.01 
2 } 6.83 -0.02 0.01 - 0.03 6 6.74 -0.01 0.02 0.04 0.03 
I 
3 3.5 I 0.00 0.02 -0.06 0.04 
I 4 4.28 0.00 -0.02 I -0.05 -0.03 I 
I 
I 
7 7.65 -0.01 0.06 
I 
-0.05 -0.15 
I 8 4.54 I 0.00 0.01 I - 0.17 
9 8.38 0.00 0.01 Br. -0.03 
10 3.76 I 0.00 -0.05 -0.07 1 0.12 
11 3.84 I 0.01 -0.01 I I - l 1.70 
Dist: Distorted 
3 
-2 e 
=-,e 
LO 
<I 1 
0 
Fig. 3.46 
0.6 0.8 1.0 
Ionic Radii (A) 
1.2 1.4 
Relationship between do values for the hydroxyl group (H-11) and the 
cations radius204 at 298 K. 
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3.11.2. 1H NMR complexation studies of L4 with anions in CD3CN and in d6-
DMSO at 298 K. 
Complexation studies of L4 with p-, cr, Bf, r, H2P04-, HS04-, N03-, Cl04-(as tetra-n-
butylammonium) salts indicate that L4 interacts with p- and H2P04-. Table 3.40 lists the 
chemical shift of the free ligand and the changes observed upon addition of the anion as 
salts in CD3CN at 298 K. A distortion in the signal of the ligand protons was observed 
upon the addition of fluoride anion. Significant chemical shift changes were observed 
upon the addition ofdihydrogen phosphate anion salt. Thus H-7, H-10 and H-11 were not 
detected in the spectra due to overlapping signals. A change of 0.3 ppm was observed for 
the NH proton (H-9) suggesting the participation of the NH proton as an active site in the 
complexation process. Some other protons of L4 showed significant changes such as H-4 
and H-8 which appear to be deshielded while others such as H-3 and H-6 appear to be 
shielded. These observation indicate that the phosphate anion is attached to the arm side 
of the ligand which led to a deshielding effect ofH-9 (0.30 ppm), H-8 (0.10 ppm) and H-
4 (0.15 ppm) while a shielding effect is observed in the other side of the ligand, 
illustrated in H-3 (-0.10 ppm) and one of the aromatic protons (-0.12 ppm). In another 
word, one side of the ligand (the complexation side) is assumed to get closed due to the 
complexation process, therefore resulting in the opening of the other side. Attempt to 
determine the flattening of the "cone" conformation adopted by the phosphate-L4 
complex in solution lead us to calculate the difference between the equatorical and axial 
protons (8oax-eq) of the methylene bridge. Thus 8oax-eq = 1.03 ppm was obtained and the 
value indicate the complex adopts a distorted cone conformation in acetonitrile solution. 
Significant changes exclusively in the OH protons (H-11) were observed upon the 
addition of cr, Bf, r, HS04- and N03-(as tetra-n-butylammonium). No change is 
observed in any of the other protons of the ligand. This suggests that weak or no 
interaction might be taking place with these anions in CD3CN. No changes were observed 
in case of the addition of Cl04- (as tetra-n-butylammonium) to L4 solution suggesting 
that no complexation is taking place with this anion in this solvent. 
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As far as complexation of L4 in d6-DMSO is concerned, the addition of p-, cr, Bf, r, 
H2P04-, HS04-, N03-, Cl04-(as tetra-n-butylammonium) salts to L4 solution indicate that 
interaction with HS04-, N03-, CI04-, cr, Br- and r does not take place in this solvent as 
negligible changes in the chemical shift were observed upon their addition to this ligand. 
Distortion in the protons of L4 upon addition of p- was observed suggesting an 
interaction is taking place with this anion in this solvent. One single broad peak which 
could be for the OH or the NH protons was observed (downfield, region ofNH and OH) 
upon addition of H2P04- (as tetra-n-butylammonium) to L4 indicating that interaction 
might be taking place. The fact that there is no any significant change in all the other 
protons suggests that the complexation (if it occurs) is weak in this solvent. 
Table 3.40 1H NMR chemical shifts (o) and chemical shift changes ＨｾｯＩ＠ of the ligand 
protons L4 by the addition of anions in CD3CN at 298 K. 
CD3CN 
3 I 
(ppm) 1 ｾＳ＠ (ppm) 
(Protons) Free HzP04. I Hso4· I NOi I c1o4· F- I cr Br- r L4 I 
1 7.18 -0.06 I -0.01 I I I Dist. I -0.02 I -0.01 I 0.00 } o.oo I o.oo I 
-0.031-0.021-0.01 5 6.99 -0.04 -0.02 
-o.o1 I 0.01 I I 
2 I } 6.83 -0.07 0.00 0.00 
I 
0.01 I -0.03 -0.021 0.00 
6 6.74 -0.12 -0.01 -0.01 0.00 -o.o3 -o.o2 1 o.oo 
3 3.5 -0.10 -0.02 -0.01 I 0.00 -0.041-0.031 0.00 
4.28 0.15 0.04 0.01 I 0.00 I 4 I o.o9 o.o1 I 0.03 
I 
I 7 7.65 - I 0.07 -0.01 0.00 I 0.07 0.04 0.01 
0.10 
I 
0.05 0.00 8 4.54 I 1 0.00 0.06 0.07 0.02 
I I I 8.38 0.30 I 0.07 I 0.00 
I 
9 
I 
1 -0.02 0.00 1-0.02 -0.01 
I 10 3.76 I I 0.00 0.00 0.01 - I I I 
1 
-o.os
1
-o.o4 I 0.00 
I 
i 
I I 11 3.84 - I - 0.12 I 0.00 I l.02 I - I 0.10 
Dist: Distorted 
I 
I 
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Table 3.41 1H NMR chemical shifts (o) and chemical shifts changes (88) of the 
ligand protons L4 by the addition of anions in d6-DMSO at 298 K. 
d6- 0 ! 8o (ppm) I DMSO (ppm) i 
Free ! ! I I I I (Protons) L4 I H2Po4· Hso4- 1 No3- c1o4- F- I cr I Br- I r I 
1 l ! I I I I 
5} 7.19 I -0.02 0.00 0.00 0.00 i Br. I 0.00 0.00 I 0.00 I I . I I 
I 
I . 7.04 I -0.03 -0.01 0.00 I -0.01 I -0.01 -0.01 I -0.01 I 
I I 
2 I I , I 
6} 6.82 I -0.04 0.00 0.00 I 0.00 I -0.01 0.00 l 0.00 i I I I I I I 6.66 I -0.04 1 0.00 I -0.01 -0.01 o.oo 1 o.oo 1 -o.o2 I I I I I 
-0.01 1-0.01 1-0.01 3 3.48 I -0.05 I -0.01 0.00 -0.01 I 
I I 
I I 
I I 
4 4.35 0.05 -0.01 0.00 0.00 o.oo I o.oo 
1 
o.oo 
I I 
I 
1 -o.o1 
I I 
I ! 7 7.98 I - -0.01 -0.01 ! -o.o1 ｾＭｯＮｯＲ＠ i -o.o1 1 
l I 
I I I I I 8 4.55 0.03 -0.01 I -o.o1 -0.01 
-0.01 j-0.01 ｾＭＰＮＰＱ＠ I 
I , I i I I I 
-0.01 1-0.01 I -0.01 I 9 8.13 Br. I -0.01 I 0.00 -0.01 I 
I l 
I 
0.01 I 0.00 I 0.00 I 10 3.73 
I 
-0.03 
I 
0.00 I 0.00 0.00 
I 
I 0.021 0.01 I 0.00 I 11 4.78 0.03 0.01 i 0.01 0.00 I I I I I i 
Br: Broad. 
Having an indication about the interaction of L4 with cations in CD3CN and anions in 
CD3CN and in d6-DMSO, conductance studies were performed with the aim of 
establishing the composition of the anionic and cationic complexes in the appropriate 
solvents and these are discussed in the next Section. 
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3.12. Conductometric studies 
The main aim of conductance measurements was to establish the composition of the 
metal-ion (or anion) complexes in different solvents, information that is required to 
proceed with the thermodynamic characterisation of the complexation process involving 
these systems in these solvents. 
3.12.1. Conductometric studies of metal cations with L4 in MeCN at 298.15 K. 
Tables 1 and 2 (Appendix 8) show the results obtained from the conductometric titrations 
of Li+ and Na+ with L4 in acetonitrile at 298.15 K. These Tables list the molar 
conductances, Am values for each step of the titration as well as the concentration ratios 
([L4]/[Mn+]). Their corresponding plots are shown in Figs 3.47 and 3.48 respectively. 
Small changes in the molar conductance were observed for both cations in this solvent 
upon addition of the ligand and no stoichiometry could be concluded from these data. 
It should be noted that the values of the limiting molar conductances, A 0"', for the metal 
cation salts in acetonitrile investigated at 298.15 K have been reported179•180•205 • These are 
170 and 180.63 for lithium and sodium (as perchlorate) in acetonitrile at 298.15 K 
respectively. These were found to be close to the values at the beginning of the 
conductometric titrations (167.41 and 179.49) when most of the metal cations remain 
uncomplexed. 
Data for alkaline-earth metal cations are shown in Tables 3-6 (Appendix 8). The 
corresponding plots are illustrated in Figs 3.49-3.52 respectively. A decrease in the molar 
conductance is observed upon the addition ofL4 to Mg2+ (Fig. 3.49), Ca2+ (Fig. 3.50) and 
Sr2+ (Fig. 3.51 ). This is attributed to the increase in the size of the complexed cation 
relative to the free cation. A sharp break is observed upon the addition of L4 to Mg2+ 
with a 1 : 1 stoichiometry suggesting that a strong complex is formed. 
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For Ca2+ (Fig. 3.50) and Sr2+ (Fig. 3.51), the break was obtained by extrapolating the 
linear portions of the titration curves at low and higher concentrations. An inspection of 
the curves obtained in Figs 3.50 and 3.51 relative to Fig. 3.49 suggests that stronger 
complexation is taking place with Mg2+ relative to Ca2+. Similarly, it can be said that 
stronger complexation for Ca2+ relative to Sr2+ is observed. These observations are based 
on the relative sharpness of the breaks obtained at the 1:1 stoichiometry. Conductometric 
titrations data showed changes in the molar conductance upon the addition of L4 to Ba2+ 
(as perchlorate) (Fig. 3.52) in acetonitrile but no indication of a change of slope at any 
given molar ratio was observed. This suggests a weak interaction between L4 and Ba2+ in 
acetonitrile at 298.15 K. Therefore we concluded that the strength of complexation of L4 
with alkaline-earth metal cations is directly proportional to the ionic radii of those metal 
cations. These findings are in good agreetnent with the 1 H NMR studies. The curvature of 
the plots presents the following sequence, 
As far as heavy and transition metal cations are concerned, conductometric titrations were 
carried out for Pb2+, Zn2+, Hg2\ Cd2\ Co2+, Ni2+ and Cu2+ (perchlorates as counter-ion) 
in acetonitrile at 298.15 K. All data resulting of conductometric titrations are shown in 
Tables 7-12 (Appendix 8). The corresponding plots shown in Figs 3.53- 3.58 indicate that 
complexation is taking place with Pb2+ (Fig. 3.53) and Zn2+ (Fig. 3.54). These 
conductometric titration curves show gradual changes in the slope. Therefore the point of 
intersection corresponding to the stoichiometry of the reaction was obtained by 
extrapolating the slope of the curve at low and high ligand:metal cation ratios to give 1:1 
complexes in acetonitrile at 298.15 K. 
The conductometric curves of Hi+, Cd2+, Co2+, Ni2+ and Cu2+ show a straight line upon 
the addition of the L4 suggesting that weak or no complexation is taking place between 
this ligand and the cations in this solvent. 
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3.12.2. Conductometric studies of L4 with anions in MeCN at 298.15 K. 
Conductometric titrations for fluoride, chloride, bromide, iodide, dihydrogen phosphate, 
hydrogen pyrophosphate, hydrogen sulphate, nitrate and perchlorate anions (as terta-n-
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butylammonium) with L4 were carried out in acetonitrile at 298.15 K. These studies 
corroborated the 1H NMR data studies in acetonitrile at 298 K. 
Results from conductometric measurements reveal that this macrocycle does not interact 
(or weak interaction) with chloride, bromide, iodide, hydrogen sulphate, nitrate and 
perchlorate anions (as terta-n-butylammonium) in acetonitrile at 298.15 K. Table 13 
(Appendix 8) shows the results obtained from the conductometric titration of bromide 
(terta-n-butylammonimn as counter-ion) with L4 in acetonitrile at 298.15 K. The 
corresponding plot is shown in Fig. 3.59 as a representative example for the titration of 
these anions. The non-existent slope at any given ligand/metal cation ratio suggest that 
hardly any interaction occurs between L4 and those anions in this solvent. 
Table 14 (Appendix 8) show the results obtained from the conductometric titration of 
fluoride (as terta-n-butylammonium) with L4 in acetonitrile at 298.15 K. The 
corresponding plot (Fig. 3.60) shows a decrease in the molar conductance throughout the 
titration, until the ligand/anion concentration ratio reaches 1:1. Then the molar 
conductance remains almost constant until the end of the experiment. This decrease in 
molar conductance is attributed to the lower mobility of the ions in solution due to their 
conversion from the free state (F-) into the complex form (L4-F). It can be observed that 
the conductometric curve is a result of combination of two linear segments with a well-
defined change in curvature at the stoichiometry of the reaction which is 1: 1. This 
suggests the formation of a relatively strong complex with one molecule of the ligand 
complexing one unit of the fluoride anion. 
Table 15 (Appendix 8) lists the molar conductances recorded after each addition of the 
ligand to dihydrogen phosphate anion (terta-n-butylammonium perchlorate as counter 
ion) in the reaction vessel and the ligand to anion concentration ratio, [L4]/[H2P04-]. The 
corresponding plot is shown in Fig. 3 .61. It can be observed that the slope of the 
curvature is gradually changing and the molar conductance decreases. Therefore the plot 
implies that the point of intersection corresponding to the stoichiometry of the reaction is 
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given by extrapolating the slopes of the curves at low and high host-guest concentration 
ratios. Thus a break at 1:1 (ligand : anion) stoichiometry was observed. 
In a similar fashion to that observed for the dihydrogen phosphate anion (terta-n-
butylammonium perchlorate as counter ion) in acetonitrile at 298.15 K, the 
conductometric titration curve of hydrogen pyrophosphate (tetra-n-butylammonium 
counter ion) and L4 in MeCN (Fig. 3.62) show the expected decrease in molar 
conductance in moving from the free to the complex anion. Extrapolating the slopes of 
the curves at low and high host-guest concentration ratio gives a break at 2:1 (ligand : 
anion) stoichiometry. It should be noted that the Am values observed at zero ligand 
concentration in MeCN are within these expected for 1:1 electrolytes in this solvenf06•207, 
162.1 (Bu4NBr), 164.0 (Bu4Nl), 165.06 (Bu4NCl04), 168.2 (Bu4NN03), 139.97 (Bu4NF), 
135.45 (Bu4NCl), 176.99 (Bu4NH2P04) and 400 (Bu4N)3HP207). 
The selectivity trend that may be semi-quantitatively concluded from conductometric 
titrations curves in acetonitrile at 298.15 K is as follows, 
In order to study the medium effect, conductometric titrations for these anions was 
carried out in different solvents and these are now discussed. 
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3.12.3. Conductometric studies ofL4 with anions in DMF, DMSO and PC at 298.15 
K 
The complexation process is affected by the medium as previously reported by Danil de 
Namor and coworkers208. To assess the medium effect, conductance experiments were 
carried out in several solvents using the same ligand, L4, and the same anion salts. 
Formation of ion-pairs was avoided by using solvents with relatively high dielectric 
constants such as acetonitrile and N-N-dimethylformamide which have similar dielectric 
constants (36.0 and 36.7 at 298.15 K209). Also using salts with large symmetrical organic 
counter ions such as tetra-n-butylammonium. 
N-N-dimethylformamide is a dipolar aprotic solvent containing oxygen atoms with 
delocalised negative charge and therefore this solvent is considered to have basic 
properties. As a result it may be regarded as weak anionic solvator which provides a 
suitable complexation medium for anions. 
Similarly to what it has been observed for chloride, bromide, iodide, hydrogen sulphate, 
nitrate and perchlorate anions (as terta-n-butylammonium) in acetonitrile, no interaction 
has been found between L4 and these anions in this solvent. Indeed plots of molar 
conductances against the L4/anion mole ratios for these anions in DMF led to straight 
lines. Representative example for these titrations is that shown for the Bf anion with L4 
in DMF (Fig. 3.63). Corresponding data are shown in Table 17 (Appendix 8). 
Conductometric titration data for F-, H2P04- and HP20/- anions (as terta-n-
butylammonium) are listed in Table 18-20 (Appendix 8). Corresponding plots are 
presented in Figs 3.64 and 3.66 respectively. They showed a decrease in the molar 
conductance upon the addition of L4 to the anions in DMF at 298.15 K. This is expected 
due to the conversion of the free anion into the anion complex, where the size of the latter 
is larger than the former and therefore its mobility decreases, hence, its molar 
conductance. It should be noted that the limited molar conducances of those anions was 
found in the range expected which is 80 (Bu4NBr) 50 (Bu4NF)207, 37 (Bu4NH2P04)210. 
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A continuous variation in the molar conductance with increasing the L4/F- concentration 
ratio, suggests the formation of a moderate complex. Extrapolation at low and high L4/F: 
concentration ratio gave an intersection corresponding to a complex of 1:1 stoichiometry. 
From the shape of the curvature, it can be inferred that the strength of complexation 
involving L4 with F is more pronounced in acetonitrile than in DMF. 
As far as the interaction of H2P04- and HP2ol- anions (as terta-n-butylammonium) with 
L4 in DMF is concerned, the obtained data suggest a similar behaviour to that observed 
in MeCN in terms of curves broadness and stoichiometry. 
Complexation between L4 and anions was also checked in DMSO and in PC at 298.15 K. 
It was found that interaction is hardly taking place in these solvents. No significant 
changes in the molar conductance upon the addition of L4 to p- and H2P04- in both 
solvents. Representative example for these titrations is that shown for the p- anion with 
L4 in DMSO (Fig. 3.67). Solvate formation was observed when an amount of L4 was 
placed in a desiccator under a saturated atmosphere of PC and DMSO. Therefore we 
attributed the non (or the weak) complexation of L4 with the investigated anions to the 
solvation of L4 in these solvents. The limited molar conductance obtained for Bu4NF in 
DMSO was close to the value reported in the literature (52.54i07• 
Fig. 3.63 
90 - ···· ····· ····:··· --- ＭＭ ＭＭＭＭ ＭＭｾ Ｍ ＭＭＭＭＭＭ ------:-- ······ -·-·- ·:· --- --··· -- ·· ;·· ····· ······-: 
I I t I 
85 - _____ ________ ; ___ ﾷＭＭＭ ＭＭＭＭＭ ＭＫＭＭＭＭＭＭＭ ＭＭ Ｍ ﾷﾷ ﾷＫＭﾷ ﾷﾷﾷﾷ ﾷﾷﾷＭﾷﾷＭｾ ＭＭＭＭＭＭＭ ＭﾷＭＭ Ｍ Ｋ Ｍ ＭＭＭ Ｍ ＭＭＭＭＭＭＭＭＺ＠
..-- ' ' ' ' ' 
ｾ＠ ' ' ' 
'o 80 - --- -- ---- ··-Ｍｾ Ｍ ＭﾷＭＭﾷＭＭ ﾷＭ Ｍ Ｍ ＭＭｾＭＭ ＭＮ＠ -- .... Ｍ ＭＭｾ Ｍ Ｍ Ｍ ﾷﾷ＠ .. -- ---- ＭｾＭ -··· ---. Ｍ Ｍ Ｍ Ｍ ｾ Ｍ Ｍ ＭＭ ＭＭ Ｍ ＭＭＭＭＭＭＭＺ＠a 0 I ' 1 
Me 75 - ＭＭＭＭＭ Ｍ Ｍ Ｍ Ｍ Ｍ Ｍ Ｍ ＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭ ＭＭ ＭＭＭ Ｎ ＭＭＭ ｾ Ｍ ＭＭ Ｍ ･ＭＭ Ｍ ･ ＭｾＭ • Ｍ Ｍ ＭＭ •ＭＭＭｾ ＭＭＭ Ｍ•Ｍ ＭＭ • Ｍ＾＠
- u •• ｾ ﾷ＠ • ｾ＠ : : : : 
CJ 70 - -.--- ----.-- -ｾＭ .. --- .. . ＭＭＭＭ Ｍ ｾ ＭＭ ·- · ·-· -- --- ｾＭ ＭＭ -- -- .. ----ＭｾＭ ------ ----- ＭｾＭ ------ -------: ｾ＠ : : 
ｾ＠ 65 -- . •- •• - •• - .- ..,j • •. • • • • • . - ·-- ·'- --- • • • • •--- • • ..,J . • • • ••• ••• •••• L ••• • - • • •.-.-. ｾＭ •• • • •• - •• •• • ·' o I I I I ' 
' ' 60 -- .. --- --ＭＭ Ｍ ＭｾＭ ＭＭ ------ ＭＭＭＭＭｾＭ ＭＭ ＭＭ Ｍ ＭＭＭ Ｍ ＭＭＭ ..: __ . -- -Ｍ Ｍ ＭＭＭＭ ＭＭｾＭ . ------- -.. ..,j. -------- - ---- · 
55 ＫＭＭＭＭＭＭＬｲＭＭＭＭＭＫＬＭＭＭＭＭＭｲＭＬＭＭＭＭＫＬＭＭＭＭｾＬＭＭＭＭｾＱ＠
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
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Conductometric curve for the titration of bromide anion (tetra-n-
butylammonium as the counter ion) with L4 in DMF at 298.15 K 
213 
. · ... 
Chapter3 
Fig. 3.64 
Fig. 3.65 
Results and Discussion 
65 ＭＭ Ｍ Ｍ Ｍ ＭＭ Ｍ Ｍ ＭＭＭＭｾＭＭＭ Ｍ Ｍ Ｍ Ｍ ＭＭＭＭﾷＭＺ ﾷ ＭﾷＭＭＭ ＭＭ Ｍ Ｍ ＭＭ Ｍ ＺＭＭＭＭＭＭＭＭ ＭＭ ﾷＭ Ｍ Ｚ ﾷ ﾷＭＭﾷ Ｍ ﾷﾷﾷﾷﾷﾷＭＺﾷＭ Ｍ Ｍ Ｍ Ｍ Ｍ ＭＭＭＭＭＭ ﾷＺ＠
' . 
' . 1 :: ｾｾ Ｚ ＾ＭＺ Ｚ ｪｾＭ［ｾ｢ｾ］ｴＺＺＺｊ｟ Ｚ＠__ Ｚｊｾ Ｚ ［Ｎ ｾ＠
...2: 45 ---- -- ----- -.. ·f------ ＭＭＭＭＭＭＭｾ＠ .. --- --- -- .. :--- .. --------:-· ----- - -ＭＭＭｾＭＭＭ -- --.--- ---: 
40 I 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
[L4]/[F] 
Conductometric curve for the titration of fluoride anion (tetra-n-
butylammonium as the counter ion) with L4 in DMF at 298.15 K 
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[L4][HzP041 
Conductometric curve for the titration of dihydrogen phosphate anion 
(tetra-n-butylammonium as the counter ion) with L4 in DMF at 298.15 K 
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[L4 ]/[HPzO,-] 
3.0 4.0 
Conductometric curve for the titration of hydrogen pyrophosphate anion 
(tetra-n-butylammonium as the counter ion) within L4 in DMF at 298.15 
K 
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Conductometric titration curve for the addition of L4 to fluoride anion 
(tetra-n-butylammonium as the counter ion) in DMSO at 298.15 K 
Having established the complex cmnposition of cations in acetonitrile and anions in 
different solvents, we proceeded with the thermodynamic of complexation of L4 with 
cations and anions and this is discussed in the next Section. 
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3.13. Thermodynamics of complexation 
Having established from conductance measurements the stoichiometry of the complexes 
between L4 and metal cations and anions, we aimed to determine the thermodynamics of 
the complexation process for the systems under investigation. To do so it is important to 
take into consideration that the free and complex salts are in their ionic forms in the 
solvents investigated The range of concentration in which they are in their ionic forms 
was previously reported50•208'210 and was taken into account in this work. For this, the 
conductivity was measured at different concentrations of anion or cation salts. Molar 
conductance values were plotted against the square root of the ionic strength of the 
electrolyte. A straight line should be obtained meaning that these salts are predominantly 
in their ionic forms at the concentrations used at 298.15 K. The range of concentrations 
covered was used later in calorimetric titrations. Titration calorimetry (macro and micro) 
was the technique used to determine the stability constant (expressed as log Ks) and the 
enthalpy of complexation Ｈｾ｣ｈＩ＠ of L4 with Li+, Na+, Mg2+, Ca2+, Sr2+, Ba2+, Pb2+, Hg2+ 
and Zn2+ (perchlorate as counter-ion) in acetonitrile. The thermodynamic parameters of 
complexation of L4 with anions (fluoride, dihydrogen phosphate, hydrogen 
pyrophosphate (tetra-n-butylammonium as counter-ion) in acetonitrile and DMF and with 
fluoride in PC were also investigated. Microcalorimetric titrations were performed by Dr. 
M. Shehab and by Mr. I. Abbas at the Thermochemistry Laboratory. 
3.13.1. Thermodynamics of complexation of L4 with metal cations in acetonitrile at 
298.15 K 
The thermodynamics of complexation of L4 with Mg2+, Ca2+, Sr2+, Ba2+, Zn2+ and Pb2+ 
for the process described in eqn. 3.61 are shown in Table 3.42. 
eqn. 3.61 
The standard deviation of the data is also included in this Table. 
In an attempt to assess the monatomic size dependence of the stability constant, a plot of 
log Ks against the cation radius of alkaline-earth metals is shown in Fig. 3.68. 
The inspection of this plot shows the size dominating behaviour. When the ionic radius 
of the cation increases, the stability of the complex formation decreases. This behaviour 
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is typical of ligands that are flexible enough to arrange themselves around the cation, and 
thus, they can successfully compete with the solvent for the cation to an extent that the 
gain in binding energy is greater for the smallest cation. The highest stability observed for 
L4 and those metal cations is that for the Mg2+ cation in this solvent. Thus the log ｾｳ＠
values follows the sequence, 
Mg2+ > Zn 2+ > Ca2+ > Sr2+ > Pb2+ > Ba2+ 
Table 3.42 Thermodynamic parameters of complexation of L4 and metal cations 
(perchlorate as counter ion) in MeCN at 298.15 K 
L4 i\cG0 i\cH0 i\cS0 
(L:M) (MeCN) log Ks (kJ mor1) (kJ mor1) (J mor1 K-1) 
Mg2+ 5.68 ± 0.01 -32.39 ± 0.02 -17.7 ± 0.2 50 
Zn2+ 5.16 ± 0.04 -29.4 ± 0.2 -19.1 ± 0.6 34 
2+ Ca 4.12 ± 0.02 -23.5 ± 0.1 -37.6 ± 0.6 -47 
s/+ 3.95 ± 0.13 -22.6 ± 0.7 -24.4 ± 0.3 -6 
Pb2+ 3.50 ± 0.04 -19.9 ± 0.2 -30.8 ± 0.1 -36 
Ba2+ 3.48 ± 0.06 -19.9 ± 0.3 -14.1±0.9 19 
Fig. 3.68 Dependence of log Ks values on the cation radius. 
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The complexation process is mainly a c01npetition between the ligand and the solvent 
molecules for the cation, other factors such as the cavity-size effect and ligand structure 
(binding sites) and conformational flexibility should be considered. 
However, the two processes which mainly contribute to the complexation process 
between a ligand and a metal cation in solution are, 
-Cations desolvation (endothermic process accompanied by gain in entropy) 
- Ligand binding energy (exothermic process accompanied by a loss in entropy)203 , 
indeed it is a balance between these two factors that plays a major role in the 
complexation process. 
The fact that there are no data for the solvation Gibbs energies of these cations in 
acetonitrile, we were not able to assess the predominant role either of the binding or the 
solvation energy on the complexation Gibbs energies by plotting directly the Gibbs free 
energy of solvation of these cations with the Gibbs free energy of complexation between 
these cations and L4 in acetonitrile. Given that the trend observed in the solvation is the 
same to that observed in the hydration Gibbs energies for these cations, the solvation 
Gibbs energy of hydration211 , ｾ ＱＱ ｇ Ｐ＠ of metal cations was considered. Therefore ｾ･ｇ Ｐ＠
values for L4 with Mg2+, Ca2+, Sr2+, Ba2+, Zn2+ and Pb2+ metal cations in acetonitrile are 
plotted against ｾ ＱＱ ｇ Ｐ＠ for these cations as illustrated in Fig. 3.69. 
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Fig. 3.69 ｾ･ｇ Ｐ＠ values for L4 against ｾ ＱＱ ｇ Ｐ＠ of bivalent metal cations in acetonitrile. 
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This figure shows that the two forces (binding and desolvation) compensated showing a 
selectivity peak. As far as these metal cations are concerned, the absolute binding energy 
overcomes the increased energy required for cation desolvation. Therefore a maximum 
stability is reached for Mg2+ after which the binding energy is not enough to overcome 
that required for desolvation. As a result, a decrease in the complex stability is observed 
for Zn2+ (the cation with the highest hydration Gibbs energy. Cations that possess !lhG0 
values greater than those for Zn2+ (such as Ni2+ and Co2+) did not show complexation 
with this ligand. 
On the basis of enthalpy and entropy contribution to the Gibbs energy of complexation, 
the process can either be enthalpically IAcHol ) lrAcs01 or entropically lrAcs0 1 ) IAcH0 1 
controlled10• 
It an attempt to assess whether the selectivity peak observed in terms of Gibbs energies is 
enthalpy or entropy controlled, the solvation enthalpies of bivalent cations in acetonitrile 
which differs slightly from hydration enthalpies are considered 177• On these bases, 
hydration enthalpies were used to establish whether a correlation is found between these 
data and the llcH0 values reported in Table 3 .42. Thus a plot of llcH0 against !lhH0 is 
presented in Fig. 3.70. This plot differs from that shown in Fig. 3.69 in that the 
exothermic maximum is found for Ca2+ rather than for Mg2+. Therefore it was concluded 
that the selectivity peak observed in terms of !lcG0 is enthalpic in origin and the binding 
process (exothermic) predominates over the desolvation process (endothermic). This is 
not the case for Mg2+ metal cation. For this latter metal cation, the desolvation process 
appears to predominate and a decrease in enthalpic stability is observed for this metal 
cation and L4 in acetonitrile. It is the entropy which contributes mostly to the higher 
stability between L4 and Mg2+ in acetonitrile. This is best seen in the plot of !lcS0 for L4 
and metal cations in acetonitrile against !lhS0 for these cations shown in Fig. 3. 71. This 
may be attributed to the desolvation of Mg2+ which is the most solvated cation ｷｩｴｨｩｾ＠ the 
cations investigated in acetonitrile. The greatest entropy loss is observed for Ca2+ in this 
solvent. 
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Fig. 3.70 ｾ｣ｈ Ｐ＠ values for L4 against ｾ ＱＱ ｈ Ｐ＠ of bivalent metal cations in acetonitrile. 
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Fig. 3.71 ｾ Ｐ Ｘﾰ＠ values for L4 against ｾｨｳｯ＠ of bivalent metal cations in acetonitrile. 
In summary, for alkaline-earth metal cations, the highest stability of L4 for Mi+ relative 
to other cations within the same Group (Ca2+, Sr2+ and Ba2+) is mainly attributed to the 
higher entropic contribution to the stability of the former relative to the latter cations for 
which the higher enthalpic stability is overcome by a considerable loss of entropy except 
for Ba2+. On the other hand for Zn2+ and L4, the high stability of complex formation is 
determined by a favourable enthalpy-entropy contribution. 
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Taking the stability constant ratio of one cation relative to another, the selectivity factor 
"S" (eqn. 3.62) of L4 can be assessed quantitatively. Values are shown in Table 3.43. 
Thus the S value is higher by factors of"' 3.3, 36.3, 53.7, 151.365 and 158.5 for Mg2+ 
relative to Zn2+, Ca2+, Sr2+, Pb2+ and Ba2+ respectively. 
eqn. 3.62 
Table 3.43 Selectivity factor "S" of L4 for the Mg2+ cation relative to other cations 
investigated in acetonitrile at 298.15 K. 
M2+ s 
Zn2+ 3 
Ca2+ 36 
s/+ 53 
Pb2+ 151 
2+ 
Ba 158 
3.13.2. Thermodynamic of complexation of L4 with anions in MeCN and DMF at 
298.15 K 
Stability constants and derived standard Gibbs energies, .l!:icGo, enthalpies, .l!:icHo, and 
entropies, .l!:icSo , for L4 and fluoride, dihydrogen phosphate and hydrogen pyrophosphate 
anions in MeCN and DMF at 298.15 K are listed in Table 3.44. For fluoride and 
dihydrogen phosphate, these data are referred to the process described in eqn.3.63 where 
the complexation stoichiometry was found to be 1:1 (L4 : anion) from conductance data 
and calorimetry. For hydrogen pyrophosphate where the stoichiometry was found to be 
2:1, the complexation process is formulated in eqn. 3.64 
x-(s)+ L4 (s) ｾ＠ L4X-(s) 
ｈｾｏＯＭＨｳＩＫ＠ 2(L4) (s) ｾ＠ (L4)2 - ｈｾｏＯＭＨｳＩ＠
eqn.3.63 
eqn. 3.64 
221 
Chapter3 Results and Discussion 
In both cases, these equations are representative of the processes taking place in solution. 
This statement is based in that the working range of concentration is that at which the 
electrolytes are predominately in their ionic forms in solution208•2t0• This can be carried 
out by measuring the conductivity at different concentrations of anion salts. Molar 
conductance values can be plotted against the square root of the ionic strength of the 
electrolyte. A straight line should be obtained meaning that these salts are predominantly 
in their ionic forms at the concentrations used at 298.15 K. This range of concentrations 
in which the salts are in their ionic forms was taken in consideration in this work. 
Table 3.44 Thermodynamic Parameters of Complexation of L4 and Anions in 
MeCN and DMF at 298.15 K. 
Anion log Ks 6.cG
0 6.cH0 6.cS0 
(L:M) (kJ mort) (kJ mol"1) (J mort K-1) 
Acetonitrile 
p- 5.69a± 0.03 -32.4 ± 0.2 -14.4a ± 0.3 61 
H2P04- 3.84a± 0.06 -21.9 ± 0.3 -46.3a ± 0.1 -82 
HP20/-
(1:1) 5.1 ± 0.2 -29 ± 1 -59.3 ± 0.4 -101 
(2:1) 3.51± 0.08 -20.1 ± 0.5 -57.3 ± 0.2 -125 
Overall 8.61 ± 0.16b -49.1 ± 0.9 -116.6b ± 0.4 -226 
N, N -dimethylformamide 
p- 4.30a ± 0.05 -24.5 ± 0.3 -12.1a± 0.7 42 
H2P04- 4.06a± 0.02 -23.15 ± 0.09 -26.4a ± 0.2 -11 
HP2ol-
(1:1) 4.9 ± 0.2 -28.0 ± 1.1 -40.7 ± 0.1 -43 
(2:1) 3.82 ± 0.08 -21.8 ± 0.5 -35.72 ± 0.06 -47 
Overall 8.7 ± 0.2b -50± 1 -76.47b ± 0.09 -89 
a: Calorimetry, b: Microcalorimetry 
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From examining the thermodynamic parameters of the complexation of L4 and the 
anions of interest and according to the log Ks values, this ligand present a selectivity 
towards fluoride in MeCN (log Ks = 5.69). 
As far as this anion is concerned, the thermodynamic parameters of complexation reflect 
that both, enthalpy and entropy contribute favourably to the Gibbs energy of the process. 
It is therefore enthalpically and entropically favoured in both, MeCN and DMF. It can be 
seen that the complex of L4 with p- is more stable in MeCN than in DMF. As far as the 
fluoride anion salt is concerned, solvate formation was observed when this anion was 
exposed to saturated atomosphere of these solvents; therefore 111G
0 value for this anion 
from acetonitrile to DMF could not be obtained. As far as L4 is concerned, this ligand 
undergoes solvate formation when exposed to saturated atmosphere of DMF while no 
solvation has been encountered in case of MeCN. Therefore a factor which contributes to 
the higher stability of fluoride anion in MeCN may be attributed to the higher solvation of 
the ligand and the anionic complex in MeCN. 
As far as dihydrogen phosphate in MeCN is concerned, the complexation process with 
L4 shows a 1 : 1 (ligand : anion stoichiometry ratio). This is in agreement with the results 
obtained by conductometric measurements. The thermodynamic parameters indicate that 
the process is enthalpically controlled. This implies that the ligand binding energy 
overcomes the desolvation process of the reactants ( entropically unfavoured). Similar 
exatnple for the complexation of hydrogen phosphate has been reported by Danil de 
Calix[4]pyrrole 
(28) 
Namor and coworkers210• This involves the calix[4]pyrrole 
macrocycle (28). Thus the interaction of the latter with this 
anion is likely to take place between the negatively charged 
oxygen atom of the H2P04- and the NH functional group of 
the four pyrrole units. In case of L4, two NH functional 
groups are present in the structure of the ligand. In fact the two 
NH protons are not the only functional group present but sites 
such as the six hydroxyl group can play a crucial role in the interaction process given 
their ability to enter hydrogen bond formation with the negatively charged oxygen or the 
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hydroxyl group of H2P04-. In addition, the carbonyl group is also a possible site for 
hydrogen bond formation. Therefore several sites are present in this ligand which can 
stabilise the complex with the H2P04- anion. In order to have an idea about the structure 
of the complex formed between L4 and H2P04-, Molecular modelling calculations was 
performed using "Hyperchem Pro 6" program. This simulation program shows that the 
more stable complex (lowest energy) is that in which hydrogen bond is formed between i) 
the negative charge oxygen of the anion and the two NH of the amide functional groups 
ii) one OH of the anion and one OH of the ligand. An additional intramolecular hydrogen 
bond was formed between the carbony oxygen and an OH group of the ligand as a result 
of the complex formed. This is shown in Fig. 3. 72. The intramolecular hydrogen bond 
formed indicate that the distance between the donor hydrogen and acceptor atom is less 
than 3.2 A and the angles made by covalent bonds to the donor and acceptor atoms is 
greater than 150°. 
Fig. 3.72 Equilibrium structures of L4-H2Po4- complex as determined by molecular 
simulations. 
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It was noticed that the enthalpies of complexation between L4 and H2P04- (-46.3 kJ. mor 
1) and between 28 and H2P04- (-48.1 kJ.mor1) in the same solvent (acetonitrile) are the 
same (See Table 3.45). However a difference in the stability of these two complexes is 
observed. This is due to the entropic contribution which differ in moving from 28 ( -81.7 
J. mor1.K-1) to L4 (·66 J. mor1.K-1). 
In moving from MeCN to DMF, It can be seen that the stability of the complex did not 
differ significantly. The complexation process in DMF is enthalpically favoured and 
entropically unfavoured. However, as far as the entropy is concerned, in moving from 
MeCN to DMF, an increase in the entropy accompanied by a decrease in the enthalpy 
(less exothermic) is observed. Therefore less unfavoured entropy is encountered in DMF 
which indicate that the desolvation process of the reactants in DMF is contributing 
significantly with the ligand binding energy to the complexation process. Data of 
AtG0(MecN-DMF) for dihydrogen phosphate anion (AtG0(MecN-DMF> = -1.58 kJ.mor1) was 
recently reported by Danil de Namor and Shehab210. It shows that there is no big 
difference in the solvation of this anion in these solvents. As was previously mentioned, 
L4 is much better solvated in DMF than in MeCN. Therefore it was concluded that the 
anion complex must be more solvated in DMF than in MeCN to the extent that the 
favourable solvation of the complex in DMF balances that of the ligand which is more 
solvated in DMF than in MeCN leading to complexes of similar stability. 
The size and the geometry of the anion appears to play a role in the complexation of the 
L4 as was seen in the complexation of L4 with metal cations. In solution, steric effect is 
likely to prevail when bulky and non spherical anions (size and geometry) such as 
dihydrogen phosphate anion are involved. This could be the reason of obtaining higher 
complex stability with p- relative to dihydrogen phosphate in both solvents. 
Upon the addition of hydrogen pyrophosphate into the vessel containing an excess of L4, 
two molecule of the ligand takes up one molecule of dihydrogen pyrophosphate anion 
since this latter is a symmetrical di-phosphate molecule containing a double negative 
charge on one end and a single one on the other. Upon the addition of the excess volume 
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of the anion, the 2:1 (ligand:anion) complex start releasing one of the two ligand 
molecules and one ligand ｳｴｾｲｴ＠ taking one anion. This behaviour was observed in both 
MeCN and DMF. 
Table 3.45 Thermodynamic Parameters of Complexation of L4 and calix[4]pyrrole 
(28) with dihydrogen phosphate and hydrogen pyrophosphate in 
acetonitrile and in N,N-dimethylformamide 
Ligand Anion logK8 
LlcG0 LlcH0 ｾ｣ｓ Ｐ＠ (J 
(L: X) (kJ mor1) (kJ mor1) mor1 K- 1) 
Acetonitrile 
H2P04-
L4 1:1 3.84 ± 0.06 -21.9 ± 0.3 -46.3 ± 0.1 -82 
28 1:1 5.00 ± 0.08 -28.5 ± 0.5 -48.1 ± 0.1 -66 
HP2013-
1:1 5.1 ± 0.2 -29 ± 1 -59.3 ± 0.4 -101 
L4 2:1 3.51± 0.08 -20.1 ± 0.5 -57.3 ± 0.2 -125 
Overall 8.61 ± 0.16 -49.1 ± 0.9 -116.6 ± 0.4 -226 
1:1 4.17 ± 0.02 -23.8 ± 0.1 -89.5 ± 0.1 -220 
28 2:1 4.44 ± 0.02 -25.3 ± 0.1 -184.2 ± 0.2 -533 
Overall 8.61 -49.1 -273.7 -753 
N.N-dimethylformamide 
H2P04-
L4 1:1 4.06 ± 0.02 -23.15 ± 0.09 -26.4 ± 0.2 -11 
28 1:1 4.80 ± 0.1 -27.4 ± 0.6 -18.8 ± 0.3 29 
HP2013-
1:1 4.9±0.2 -28.0 ± 1.1 -40.7 ± 0.1 -43 
L4 2:1 3.82 ± 0.08 -21.8 ± 0.5 -35.72 ± 0.06 -47 
Overall 8.7±0.2 -50± 1 -76.47 ± 0.09 -89 
1:1 4.08 ± 0.02 -23.3 ± 0.1 -22.95 ± 0.03 +1 
28 2:1 5.04 ± 0.07 -28.8 ± 0.4 -39.91 ± 0.07 -37 
Overall 9.12 -52.1 -62.86 -36 
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It is expected that the double negatively charged end of the anion interacts with L4 to 
form 1:1 complex. Thus the stability is greater than that found between L4 and H2P04-
anion due a higher enthalpic contribution. Molecular modelling calculations suggest that 
the two negatively charged oxygens of the anion interact with the two NH functionalities 
of L4 resulting in the formation of 1:1 complex. For the 2:1 complex, the remaining one 
negatively charged oxygen on the other end of the hydrogen pyrophosphate interact with 
two NH of the second ligand in a similar way to that found for H2P04- , except that 
intramolecular bond between the carbonyl and the OH group was not observed. Even 
though the formation of the 2: 1 complex between L4 and HP2ol- is enthalpically more 
favoured than that for the 1: 1 complexation process, there is a significant loss in entropy 
resulting in a significant decrease in complex stability. 
The thermodynamic data of L4 with hydrogen pyrophosphate anion in MeCN reflect that 
the enthalpy contribute favourably to the Gibbs energy of the process. The formation of 
both 1:1 and 2:1 (ligand/anion ratio) complex are enthalpically controlled. However, 
while both complex are enthalpically controlled, the entropic factor contribute more 
favourably to the stability of the 1:1 (ligand:anion) complex. Comparison of the data of 
L4 with HP20 73- with those previously reported for the 28 (See Table 3.45) with the same 
anion in the same solvent shows that the overall stability is about the same value. 
However the process is enthalpically less stable but entropically more favourable in L4 
than in 28. 
In moving from MeCN to DMF, the overall stability of the complex between L4 and 
hydrogen pyrophosphate does not differ significantly. However this process was 
accompanied with a dramatic change in the enthalpy and the entropy. A decrease in 
enthalpic stability with an increase in the entropy is observed. This compensation 
between the entropy and the enthalpy led to similar overall stability between the 
hydrogen pyrophosphate anion and L4 in both solvents. Similar behaviour is observed in 
moving from MeCN to DMF in the system involving 28 and this anion in these solvents. 
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4. Applications 
Generally, there exist several polymeric supports on which calixarenes and its 
functionalized derivatives could be immobilized using different chemical reactions and 
methods. In this work, silica gel 60 was modified and used for the attachment of L4. 
Therefore, in this section the modification of the silica and the attachment of L4 to the 
modified silica are discussed and preliminary results on the extraction of dihydrogen 
phosphate by this material are shown. 
4.1. Preparation of 3-aminopropyldimethylsilylated silica (M-Si) 
The synthetic procedure212•213 for the modification of the silica gel is shown in Scheme 13 
G0--oH + 
M-Si 
Scheme 13 Synthetic procedure used for the preparation of the 3-
aminopropyldimethylsilylated silica (M-Si) 
Dried silica (1 0 g) was dispersed in anhydrous toluene (150 cm3). To the resulting slurry 
3-aminopropyltrimethylsilane ( 4.9g, 42.6 mmol) was added. The resulting mixture was 
refluxed for 6 h and then cooled to 25 °C, filtered and washed first with toluene and then 
with methanol in order to furnish. 
Elemental analysis was carried out in duplicate at the University of Surrey. The found 
percentage was as follows, 
% C= 5.31,% H=l.49,% N=l.59 
4.2. Attachment of L4 to 3-aminopropyldimethylsilylated silica (M-Si) 
Mannich reaction procedure described previously in the Experimental Part (Method A, 
Page 52) was used to attach L4 to 3-aminopropyldimethylsilylated silica (M-Si). The 
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Scheme of the reaction is generally described in Scheme 14. Therefore to a solution of 
1.88 g (2.53 mmol) of L4 in 20 ml of THF were added 2.5 ml of acetic acid, lg (1.5 
mmol) of M-Si and 0.5 ml of 37 % formaldehyde. The reaction mixture was left stirring 
for one hour at room temperature and then it was heated to 35 °C and left stirring for 24 
hours. The solvent was removed under vacuum and the residue was washed using many 
solvents such as water and methanol. 
Elemental analysis was carried out in duplicate at the University of Surrey. The found 
results were as follows, 
% C= 8.59, % H= 1.57, % N= 1.60 
2 
Scheme 14 General scheme for the preparation of the L4-polymer. 
4.3. Analysis of dihydrogen phosphate in water 
The method used for the analysis of phosphates, was reported214 for the analysis of 
dihydrogen phosphate anion in water. This analytical technique involves the formation of 
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molybdophosphoric acid which is reduced to the intensely coloured complex, 
molybdenum blue. The blue - coloured solution is then analysed using a 
spectrophotometer at a wavelength of 650 nm. 
4.3.1. Calibration curve 
Calibration curve for the dihydrogen phosphate anion was performed using solutions 
containing different concentrations of the anion which were all prepared from the same 
stock solution. Appropriate volumes of the stock solution were diluted into eight to ten 
volumetric flasks (1 0 ml) in order to cover the 2.00 x 1 o-s - 2.00 x 1 o·4 mol.dm-3 
concentration range in de-ionized water. The flasks were immersed in a thermostated bath 
at 298.15 K and left overnight to reach equilibrium. The calibration curves were 
constructed before the extraction experiment. 
4.4. Results and Discussion- Preliminary results 
4.4.1. Calibration curve 
The data of recorded absorbance at different concentration of dihydrogen phosphate 
anion is listed in Table 4.1. The corresponding calibration curve for the determination of 
the dihydrogen phosphate anion concentration in water is shown in Fig. 4.1. 
Table 4.1 Recorded absorbance at different concentrations of dihydrogen phosphate 
anion in water at 298.15 K at 650 nm. 
[H2P04-] mol.dm-3 Absorbance 
2.00 x 1 o·4 1.345 
1.00 X }0"4 0.954 
8.oo x 1 o-s 0.783 
6.00 X } o-S 0.667 
4.00 x Io-s 0.422 
2.00 X I o-s 0.281 
230 
Chapter4 Applications 
2 
Cl) 1.5 CJ 
c 
n:s 
.Q 1 ... 
0 
U) 
.Q 0.5 <( 
0 
l.E-05 6.E-05 l.E-04 2.E-04 
Fig. 4.1 Calibration curve for the determination of dihydrogen phosphate in water 
4.4.2. Extraction-Preliminary results 
Table 4.2 show the weight of the modified silica (M-Si) and of L4 polymer used to test 
their extraction ability with the dihydrogen phosphate. It also shows the concentration of 
the dihydrogen phosphate used (1.00 x 104 mol.dm-3) and the percentage extracted by the 
M-Si and by the polymer. 
Table 4.2 Experimental data for the extraction of dihydrogen phosphate from water 
using L4 polymer 
Weight of [H2P04-] Initial %Extraction %Extraction 
material (g) mol.dm-3 by the M-Si by the polymer 
0.1 1.00 X 10-4 9.00 50.60 
0.1 1.00 x 10·4 9.34 51.12 
The data show that the polymer based on L4 has the potential to extract dihydrogen 
phosphate from water. The percentage of extraction of this anion is "' 50.8 % for the 
amount of polymer used (0.1 g). 
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This work is still in progress as there are many parameters that needs to be taken in 
consideration (pH, concentration ranges, etc.) however the preliminary results obtained 
seem promising, therefore they were included in this section. 
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5. Conclusions and Suggestions for further work 
From the above discussion on i) the fully and partially resorcarene derivatives (L2 and 
L3) and ii) the partially amide calix[ 4 ]arene derivative (L4), the following conclusions 
are drawn, 
i) The synthesis of the partially and the fully functionalised resorcarene 
derivatives were successfully achieved using two different methods. 
ii) X-ray crystallographic studies revealed the structures of L2 and L3. L2 was 
recrystallised from a mixture of methanol and chloroform. L3 was 
recrystallised from acetonitrile. X-ray crystallographic demonstrated that both 
ligands are found in the "cone" conformation in the solid state. It also shows 
that in the solid state L3 encapsulates a molecule of acetonitrile in its 
hydrophobic cavity. 
iii) The analysis of solution equilibria involving resorcarene derivatives 
containing hydroxy groups in aprotic media is by no means a trivial issue. In 
these media assembled systems resulting from self-association of resorcarenes 
may be formed. Partition measurements involving two aprotic and one protic 
solvent revealed that as far as the resorcarene receptor are concerned; L2 and 
L3 are predominantly in their monomeric state in these solvents. 
iv) Complexation has been found between L2 and Pb2+ and Ag+ in acetonitrile. 
The results show that these complexes are relatively weak. In bot4 cases, the 
process was enthalpically controlled and entropically destabilized. Higher 
stability of L2 and silver relative to Pb2+ was found in this solvent which is 
due to the lower decrease in entropy of the former relative to the latter system. 
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This is mainly attributed to the higher desolvation of Ag+ relative to Pb2+ in 
acetonitrile. Indeed the desolvation of the cation will lead to a decrease in 
enthalpic stability with an entropy increase. 
v) A rather versatile behaviour is shown by this ligand in its complexation with 
metal cations. Electrical conductance provided key information regarding the 
composition of metal-ion complexes as well as their decomposition. Thus the 
sharp increase in conductance observed for mercury (II) in the presence of an 
excess of ligand in acetonitrile and methanol is likely to be due to the 
breakage of ｴｾ･＠ complex with the formation of multicharged polymeric 
species with higher mobility. This was reflected in the X-ray structure of the 
isolated material 
vi) Crystals of L2-complex with Hg2+ metal cation revealed the decomposition of 
the ligand under the condition used and the formation of species of polymers 
containing mercury and sulphur chains. 
vii) As far as Cu2+ is concerned, the poor solvation of Cu2+ in acetonitrile 
｛ｾ Ｑ ｇﾰ＠ Cu2+ Ｈｈ Ｒ Ｐｾｍ･ｃｎＩ］ＵＰＮＲｉ＠ kJ mor\ (data based on the 
P}4AsPh4B convention)] favours the formation of metallates in this solvent 
whereas a complex of 1 :1 (metal cation : ligand) stoichiometry is found in 
methanol. Indeed, the rather positive entropy and the lower enthalpic stability 
shown for this system in methanol strongly suggest that the metal cation may 
undergo strong desolvation upon complexation in this alcohol. 
viii) The results of Cu2+ discussed in the above point contrast with those for Ag +. 
As any cation having d10 electronic configuration, Ag+ backbonds its d 
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electrons to acetonitrile and therefore it is well solvated in this solvent. As a 
result, it is reluctant to interact with the ligand to the extent that the complex 
stability reflects the formation of a weak complex in this solvent. In fact 
taking into account the !11G
0 value of reactants and product from acetonitrile 
to methanol it follows that it is the solvation changes that the cation undergoes 
in these two solvents, the main contributor to the higher complex stability 
observed in methanol relative to acetonitrile. It is a general phenomenon that a 
good solvator for the reactants is a poor medium for complexation63 • 
ix) As far as the partially substituted calix[4]arene L3 is concerned, the results 
indicate that this ligand is able to complex with Hg2+ in MeCN (2: 1) (metal 
cation:ligand concentration ratio), DMF (2: 1) and PC (1: 1 ). While it 
complexes with Hg2+ (2:1) and Ag+ (1 :1) in MeOH. 
x) The partially substituted resorcarene derivative L3 having two sulphur 
pendent arms is able to complex with Ag + cation in methanol with a 1:1 
stoichiometry (metal cation : ligand concentration ratio). A moderate complex 
was obtained. The addition of two more pendent arms (the fully substituted 
resorcarene derivative, L2) leads to a silver complex of higher stability and 
different composition (silver cation: L2 = 2:1) in the same solvent. This could 
be attributed to the difference in the number of sulphur donor atoms in L3 
(two sulphur donor atoms) relative to L2 (four sulphur donor atom). 
xi) Extraction measurements showed that L3 is a good-extracting agent for Ag + 
from water into organic phase. According to the obtained data, it could be 
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assumed that the extraction of Ag+ cation using the L2 derivative which 
possesses more donor atom could be enhanced. 
xii) Calix[4]arene amide (L4) was prepared according to the literature82• 1H NMR 
studies showed that the ligand (L4) is able to complex with alkaline-earth, 
Pb2+ and Zn2+ among the cations investigated in acetonitrile. Among the 
anions considered L4 is also able to complex with fluoride, dihydrogen 
phosphate and hydrogen pyrophosphate in acetonitrile and N,N-
dimethylformamide. A relationship was found between the ionic radii of the 
cations and the chemical shift changes of the hydroxyl group of L4 in 
acetonitrile. This indicates that the complexation of L4 is stronger with the 
small cations. 
xiii) Conductometric titrations showed that complexes between L4 and alkaline-
earth metal cations have a 1 : 1 composition in acetonitrile. A difference in the 
shape of the curves obtained gave a clear indication about the strength of 
complexation of a metal cation relative to other. Complexes of L4 with anions 
were also 1:1 except for hydrogen pyrophosphate where 2:1 (L4: anion) 
stoichiometry was found. No complexation was found between L4 and anions 
in dimethylsulphoxide and propylene carbonate. 
xiv) The thermodynamics of complexation of L4 with alkaline-earth, Pb2+ and Zn2+ 
reflect that among these cations, the most stable complex is formed with Mg2+ 
which is the smallest cation among the investigated ones. A trend of 
selectivity was found in terms of stability constant in going from the small 
metal cation to a large cation. The effect of cation desolvation and ligand 
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binding was studied in terms of Gibbs energy and enthalpies of hydration. The 
thermodynamics of complexation of H2P04- and HP20l- with calix[4]arene 
based receptor is reported in MeCN and DMF. Comparison with previous 
reported work involving the same anions with calix[ 4 ]pyrrole based receptor 
was performed. The interaction of L4 with these anions was discussed in 
terms of the difference in solvation of the reactants and products in both media 
(MeCN and DMF). 
xv) L4 derivative has been polymerised using the Mannich reaction. The silica 
was first modified and tested for the extraction of H2P04- from water. Low 
extraction was obtained. The L4-polymer was tested. Preliminary results of 
the extraction of H2P04- from water are presented in this thesis and show that 
the material is promising for the extraction of phosphate anion from water. 
Suggestions for further work 
Based on the above conclusions, the following suggestions for future work are given. 
i) Given that resorcarene ligands were able to form metallates with Hg2+, it will 
be interesting to synthesise the cavitand of these ligands in order to study the 
effect of hydroxyl groups on the complexation process. 
ii) To determine the solvation effect of L4 on the complexation process by 
determining the solubility of L4 in different solvents. Determination of the 
thermodynamic parameters of L4 with metal cations in different solvents in 
order to investigate the medium effect on the complexation process. 
iii) L4 derivative was polymerised using the Mannich type reaction. Preliminary 
results for the extraction of dihydrogen phosphate anion from water are 
presented in this thesis, however it is essential to explore thoroughly all the 
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properties of this material and expand the investigation to other anionic 
pollutants such as fluoride and hydrogen pyrophosphate. Similarly, it will be 
interesting to check the material for the extraction of alkaline-earth metal 
cations which will give figures regarding the percentage of softening water 
that the polymer can allow. 
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Fig.l 1H NMR spectrum (300 MHz) recorded for Ll, in d6-DMSO at 298 K. 
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Fig. 1 1H NMR spectrum (300 MHz) recorded for L2, in CD3CN at 298 K . 
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Fig. 2 1H NMR spectrum recorded (300 MHz) for L2, in CD30D at 298 K. 
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Fig. 4 1H NMR spectrum recorded (300 MHz) for L2, in CDCh at 298 K. 
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Fig. 5 13C NMR spectrum recorded (500 MHz) for L2, in d6-DMSO at 298 K. 
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Fig. 1 1H NMR spectrum recorded (300 MHz) for L3, in CDCb at 298 K. 
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Table 1 - Interatomic bond distances {:A.) and angles ( 0 ) in (MeCN) L3.3MeCN. 
Bond distances 
C(11)-C(12) 1.39 C(32)-C(34') 1.547(6) 
C(11 )-C(l6) 1.39 C(33)-0(32) 1.372(5) 
C(12)-C(l3) 1.39 C(33)-C(34) 1.39 
C(l2)-C(12') 1.543(6) C(34)-C(35) 1.39 
C(l3)-0(12) 1.372(4) C(3 5)-0(31) 1.370(4) 
C(l3)-C(14) 1.39 C(35)-C(36) 1.39 
C(l4 )-C(l5) 1.39 C(34')-C(34 ") 1.530(8) 
C(15)-0(11) 1.370(5) C(34 ')-C( 46) 1.553(6) 
C( 15)-C( 16) 1.39 C(41)-C(42) 1.39 
C(16)-C( 41 ') 1.550(6) C( 41 )-C( 46) 1.39 
C(12')-C(12") 1.532(7) C(42)-C(43) 1.39 
C(12')-C(26) 1.553(6) C(42)-C(41') 1.549(6) 
C(21 )-C(22) 1.39 C(43)-0(42) 1.369(4) 
C(21 )-C(26) 1.39 C(43)-C(44) 1.39 
C(22)-C(23) 1.39 C(44)-C(45) 1.39 
C(22 )-C(23') 1.550(6) C( 44 )-C( 4 7) 1.507(6) 
C(23)-0(22) 1.371(4) C(45)-0(41) 1.369(4) 
C(23 )-C(24) 1.39 C( 45)-C( 46) 1.39 
C(24 )-C(25) 1.39 C(47)-S(4) 1.821(6) 
C(24)-C(27) 1.511(6) S(4)-C(48) 1.810(7) 
C(25)-0(21) 1.367(4) C( 48)-C( 49) 1.51 (1) 
C(25)-C(26) 1.39 C(41')-C(41 ") 1.545(8) 
C(27)-S(2) 1.821(7) N(l)-C(1A) 1.121(8) 
S(2)-C(28) 1.82(1) C(lA)-C(lB) 1.41(1) 
C(28)-C(29) 1.20(2) N(2)-C(2A) 1.15(2) 
C(23')-C(23 ") 1.525(8) C(2A)-C(2B) 1.41(2) 
C(23')-C(36) 1.544(6) N(3)-C(3A) 1.119(8) 
C(31)-C(32) 1.39 C(3A)-C(3B) 1.45(1) 
C(31)-C(36) 1.39 N(4)-C(4A) 1.17(3) 
C(32)-C(33) 1.39 C(4A)-C(4B) 1.38(2 
Appendix4 
Bond angles 
C(l2)-C(11 )-C(16) 120 C(31 )-C(32)-C(34') 119.0(3) 
C(l3)-C(l2)-C(11) 120 C(33)-C(32)-C(34') 121.0(3) 
C(13 )-C(12 )-C(l2') 119.8(3) 0(32)-C(33)-C(32) 118.3(3) 
C(11)-C(12)-C(12') 120.2(3) 0(32)-C(33 )-C(34) 121.7(3) 
0(12)-C(l3)-C(12) 118.0(3) C(32)-C(33)-C(34) 120 
0(12)-C(l3)-C(14) 121.9(3) C(3 5)-C(34 )-C(33) 120 
C(l2)-C(l3)-C(l4) 120 0(31 )-C(35)-C(34) 121.4(3) 
C(15)-C(l4)-C(13) 120 0(31)-C(35)-C(36) 118.6(3) 
0(11)-C(15)-C(l4) 121.4(3) C(34)-C(35)-C(36) 120 
0(11 )-C(l5)-C(16) 118.6(3) C(35)-C(36)-C(31) 120 
C(14)-C(l5)-C(16) 120 C(3 5)-C(36)-C(23') 119.7(3) 
C(15)-C(16)-C(11) 120 C(31 )-C(3 6)-C(23') 120.2(3) 
C(15)-C(16)-C( 41 ') 119.2(3) (_ C(34")-C(34')-C(32) 112.0(4) 
C(11 )-C(l6)-C( 41') 120.8(3) C(34 ")-C(34')-C( 46) 114.1(4) 
C(l2")-C(12')-C(12) 111.3(4) C(32)-C(34')-C( 46) 109.5(4) 
C( 12")-C(12 ')-C(26) 113.0(4) C( 4 2)-C( 41 )-C( 46) 120 
C(12)-C(12')-C(26) 110.8(4) C( 43)-C( 42)-C( 41) 120 
C(22)-C(21 )-C(26) 120 C(43)-C(42)-C(41 ') 119.5(3) 
C(21 )-C(22)-C(23) 120 C( 41 )-C( 42)-C( 41 ') 120.4(3) 
C(21 )-C(22)-C(23') 120.1(3) 0( 42)-C( 43 )-C( 44) 115.7(3) 
C(23 )-C(22 )-C(23') 119.9(3) 0(42)-C(43)-C(42) 124.3(3) 
0(22 )-C(23 )-C(22) 123.8(3) C( 44)-C( 43)-C( 42) 120 
0(22)-C(23)-C(24) 116.2(3) C(43)-C(44)-C(45) 120 
C(22 )-C(23 )-C(24) 120 C(43)-C(44)-C(47) 121.0(3) 
C(23 )-C(24 )-C(25) 120 C( 45)-C( 44 )-C( 4 7) 119.0(3) 
C(23 )-C(24 )-C(2 7) 119.9(3) 0( 41 )-C( 45)-C( 44) 115.6(3) 
C(25)-C(24 )-C(27) 120.1 (3) 0( 41 )-C( 45)-C( 46) 124.3(3) 
0(21 )-C(25)-C(26) 123.5(3) C( 44 )-C( 45)-C( 46) 120 
0(21 )-C(25}·C(24) 116.5(3) C( 45)-C( 46)-C( 41) 120 
C(26)-C(25)-C(24) 120 C( 45)-C( 46)-C(34') 119.6(3) 
C(25)-C(26)-C(21) 120 C( 41 )-C( 46)-C(34') 120.4(3) 
C(25)-C(26)-C(12') 119.5(3) C( 44 )-C( 4 7)-S( 4) 114.2(4) 
C(21 )-C(26)-C( 12') 120.5(3) C( 48)-S( 4 )-C( 4 7) 101.8(3) 
C(24 )-C(27)-S(2) 107.9(4) C( 49)-C( 48)-S( 4) 110.1(6) 
C(28)-S(2)-C(27) 103.3(5) C( 41")-C( 41')-C( 42) 112.6(4) 
C(29)-C(28)-S(2) 115(2) C( 41 ")-C( 41')-C(16) 111.3(4) 
C(23 ")-C(23')-C(36) 111.0(4) C( 42)-C( 41')-C(16) 111.4(4) 
C(23 ")-C(23')-C(22) 113.4(4) N(l)-C(1A)-C(lB) 177(1) 
C(3 6)-C(23')-C(22) 111.3(4) N(2)-C(2A)-C(2B) 176(2) 
C(32)-C(31 )-C(36) 120 N(3)-C(3A)-C(3B) 179(1) 
C(31 )-C(32)-C(33) 120 N(4)-C(4A)-C(4B) 174(2) 
. ·: ... ｾ＠ . 
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Table 2 Hydrogen bond distances and angles in (MeCN) L3. 3MeCN 
D-H d(D- d(H ... A) L(D- d(D ... A) A Symmetry operation 
H) H ... A) 
011-H11A 0.84 2.46 158.78 3.257 S4 [ x, -y+1/2, z+1/2 ] 
012-H12 0.84 1.966 165.88 2.789 N3 [ x, -y+1/2, z+1/2] 
021-H21A 0.84 1.975 169.42 2.805 012 
022-H22 0.84 1.922 158.47 2.72 031 
031-H31A 0.84 1.894 170.67 2.726 N1 [ -x, -y, -z+1] 
032-H32 0.84 2.339 131.32 2.962 022 [ -x, -y, -z+1] 
032-H32 0.84 2.735 146.67 3.468 S2 [ -x, -y, -z+1] 
041-H41D 0.84 1.968 166.1 2.791 032 
042-H42 0.84 1.893 167.81 2.72 011 
Table 3 Hydrogen bond distances and angles in L2.CHCb 
D-H d(D-H) d(H ... A) L(D- d(D ... A) A Symmetry operation H ... A) 
011-H11A 0.84 2.074 162.31 2.886 042 
012-H12 0.84 2.239 154.06 3.017 S1 
021-H21A 0.84 2.073 164.88 2.892 012 
022-H22 0.84 2.061 154.66 2.843 031 
031-H31A 0.84 2.631 138.76 3.309 S3 
032-H32 0.84 2.059 145.6 2.792 022 [ -x+ 1, -y+2, -z 
041-H41D 0.84 2.063 163.33 2.877 032 
042-H42 0.84 2.333 150 3.09 84 
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Table 4 Atomic coordinates (x 1 04) and equivalent isotropic displacement 
parameters (A2 x103) for (MeCN)L3.3MeCN. U (eq) for the non-H atoms is 
defined as one third of the trace of the orthogonalized Uij tensor. 
Atom X ｾ＠ z U (eg) 
C(11) -1198(3) 1986(1) 7921(2) 39(1) 
C(12) -1205(3) 1715(1) 8647(2) 39(1) 
C(13) -170(4) 1749(1) 9431(2) 47(2) 
C(14) 872(3) 2055(1) 9490(2) 48(2) 
C(l5) 879(3) 2326(1) 8765(2) 48(2) 
C(16) (-156(4) 2292(1) 7980(2) 44(2) 
C(12') -2367(5) 1379(2) 8587(4) 42(2) 
C(l2") -3718(6) 1620(2) 8233(4) 52(2) 
0(11) 1907(4) 2623(2) 8796(3) 60(1) 
0(12) -201(4) 1467(1) 1 0123(2) 56(1) 
C(21) -2925(3) 913(1) 7149(2) 41(1) 
C(22) -2797(4) 523(1) 6670(2) 41(2) 
C(23) -1985(4) 162(1) 7090(2) 47(2) 
C(24) -1300(4) 192(1) 7988(2) 47(2) 
C(25) -1428(4) 583(1) 8466(2) 46(2) 
C(26) -2241(4) 943(1) 8047(2) 39(1) 
C(27) -407(7) -199(2) 8440(4) 61(2) 
8(2) 1164(2) -146(1) 8175(1) 84(1) 
C(28) 2237(16) -559(6) 8916(10) 215(9) 
C(29) 2270(20) -931(4) 8600(11) 253(11) 
C(23') -3540(6) 492(2) 5665(3) 43(2) 
C(23") -4804(6) 783(2) 5386(4) 52(2) 
0(21) -683(4) 593(1) 9338(2) 58(1) 
0(22) -1822(5) -238(1) 6672(3) 60(1) 
C(31) -2321(4) 1065(1) 4956(2) 42(2) 
C(32) -1504(4) 1167(1) 4428(2) 43(2) 
C(33) -969(4) 814(1) 4043(2) 48(2) 
C(34) -1252(4) 358(1) 4186(2) 49(2) 
C(35) -2069(4) 256(1) 4714(3) 46(2) 
C(36) -2603(3) 609(1) 5099(2) 42(2) 
C(34') -1199(6) 1678(2) 4284(3) 42(2) 
C(34") -2471(6) 1966(2) 3966(4) 51(2) 
0(31) -2349(5) -190(1) 4878(3) 59(1) 
0(32) -131(5) 929(1) 3552(3) 60(1) 
C(41) -587(3) 2137(1) 5730(2) 38(1) 
C(42) 342(4) 2308(1) 6484(2) 41(2) 
C(43) 1688(3) 2210(1) 6641(2) 41(2) 
C(44) 2105(3) 1940(1) 6043(2) 45(2) 
C(45) 1176(4) 1768(1) 5289(2) 44(2) 
C(46) -170(3) 1867(1) 5132(2) 38(1) 
C(47) 3557(6) 1823(2) 6204(4) 54(2) 
S(4) 4389(2) 2163(1) 5553(1) 64(1) 
"'-------....o....__ _ ______;_ ____ ..;._ __ --'-----'----'---'-------'-'-'-- :"'--' ... ｾＧ＠ ...'-"-'.<· .. .;::;_·_ -·- --
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C(48) 4566(7) 2714(2) 6112(5) 80(2) 
C(49) 4924(9) 3082(3) 5542(6) 117(3) 
C(41') -117(6) 2591(2) 7174(4) 43(2) 
C(41 ") -1462(6) 2838(2) 6764(4) 53(2) 
0(41) 1678(4) 1493(1) 4758(2) 50(1) 
0(42) 2676(4) 2362(2) 7362(3) 55(1) 
N(1) 1753(8) 743(2) 6351(5) 96(2) 
C(lA) 1326(8) 926(2) 6833(6) 69(2) 
C(1B) 853(11) 1151(3) 7475(7) 138(5) 
N(2) 4350(30) 750(9) 9301(14) 350(15) 
C(2A) 3650(20) 691(8) 9729(13) 218(9) 
C(2B) 2754(14) 592(8) 10216(10) 250(11) 
N(3) 1929(7) 3519(2) 6675(4) 87(2) 
C(3A) 2626(8) 3533(2) 7364(5) 70(2) 
C(3B) 3549(8) 3541(3) 8252(5) 108(3) 
N(4) 4941(18) -756(7) 7658(12) 290(11) 
C(4A) 4784(15) -358(9) 7581(11) 203(10) 
C(4B) 4537(11) 108(4) 7554(9) 149(5) 
.. Ｍﾷ ｾ＠ . 
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Table 5 Atomic coordinates (x 1 04) and equivalent isotropic displacement 
parameters (A 2 x 1 03) for L2.CHCb. 
Atom X ｾ＠ z U (eg) 
C(11) 1236(2) 6448(2) 3769(1) 27(1)0 
C(12) 1005(2) 5631(2) 3417(1) 27(1)0 
C(13) 1573(3) 4750(2) 3631(1) 29(1) 
C(l4) 2364(3) 4678(2) 4170(2) 29(1) 
C(15) 2599(2) 5536(2) 4482(1) 28(1) 
C(16) 2003(2) 6425(2) 4314(1) 27(1) 
C(17) 2888(3) 3715(2) 4472(2) 38(1) 
8(1) 3589(1) 2870(1) 3716(1) 42(1) 
C(18) 4851(3) 3620(2) 2930(2) 46(1) 
C(19) 5927(4) 3987(3) 3244(2) 67(1) 
0(11) 3421(2) 5457(1) 4986(1) 38(1) 
0(12) 1345(2) 3949(1) 3261(1) 34(1) 
C(l2') 168(2) 5700(2) 2816(1) 27(1) 
C(l2") -1219(3) 6069(2) 3217(2) 35(1) 
C(21) 607(2) 7259(2) 1769(1) 24(1) 
C(22) 1255(2) 7811(2) 1012(1) 23(1) 
C(23) 2242(2) 7346(2) 457(1) 24(1) 
C(24) 2599(2) 6381(2) 641(1) 25(1) 
C(25) 1930(2) 5865(2) 1414(2) 26(1) 
C(26) 905(2) 6293(2) 1989(1) 24(1) 
C(27) 3666(3) 5901(2) 25(2) 32(1) 
8(2) 3150(1) 5537(1) -834(1) 39(1) 
C(28) 1973(3) 4559(2) -298(2) 43(1) 
C(29) 1333(3) 4209(3) -913(2) 52(1) 
0(21) 2324(2) 4920(1) 1570(1) 34(1) 
0(22) 2949(2) 7819(1) -320(1) 29(1) 
C(23') 924(2) 8877(2) 783(2) 26(1) 
C(23") -488(2) 9133(2) 1259(2) 34(1) 
C(31) 1955(2) 9739(2) 1692(2) 26(1) 
C(32) 2795(2) 10415(2) 1839(1) 24(1) 
C(33) 2795(2) 10415(2) 1839(1) 24(1) 
C(34) 2795(2) 10415(2) 1839(1) 24(1) 
C(35) 2836(2) 1 0134(2) 229(1) 24(1) 
C(36) 1927(2) 9593(2) 898(2) 24(1) 
C(37) 4710(2) 11350(2) -431(2) 29(1) 
8(3) 3934(1) 12235(1) -10 19(1) 38(1) 
C(38) 5399(3) 12672(2) -1858(2) 32(1) 
C(39) 5085(4) 13584(2) -2365(2) 53(1) 
0(31) 2890(2) 9910(1) -558(1) 30(1) 
0(32) 4507(2) 11609(1) 1323(1) 31(1) 
C(34') 2750(2) 10554(2) 2730(2) 27(1) 
C(34") 1358(3) 10811(2) 3234(2) 37(1) 
. . . . . ,. Ｎ ｾ ﾷ＠ . 
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C(41) 2522(2) 8938(2) 3713(1) 26(1) 
C(42) 3015(2) 8130(2) 4104(1) 26(1) 
C(43) 4385(2) 8077(2) 3914(2) 28(1) 
C(44) 5239(2) 8774(2) 3342(2) 27(1) 
C(45) 4681(2) 9558(2) 2953(1) 26(1) 
C(46) 3311(2) 9666(2) 3144(1) 24(1) 
C(47) 6724(3) 8683(2) 3100(2) 36(1) 
S(4) 7459(1) 8518(1) 3956(1) 46(1) 
C(48) 6732(4) 9492(3) 4576(2) 58(1) 
C(49) 6990(4) 10512(3) 4105(2) 64(1) 
0(41) 5556(2) 10203(1) 2366(1) 35(1) 
0(42) 4888(2) 7283(1) 4312(1) 36(1) 
C(41 ') 2142(2) 7340(2) 4722(1) 28(1) 
C(41 ") 770(3) 7710(2) 5171(2) 38(1) 
c 9100(3) 2567(2) 1495(2) 44(1) 
Cl(l) 10484(1) 2076(1) 815(1) 67(1) 
Cl(2) 7934(1) 1629(1) 2008(1) 59(1) 
Cl(3) 9583(1) 3163(1) 2224(1) 74(1) 
{ . . . ..... ' .. ; . ·. ｾ＠ . ' . .. . . . . ' ...... . . . . .. ' . ｾ＠
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Table 6 Anisotropic displacement parameters (A2 x 103) for (MeCN)L3.3MeCN. 
The anisotropic displacement factor exponent takes the form: -27t2(h2a*2U 11 
+ ... + 2hka*b*U12). 
Atom U11 U22 U33 U23 U13 U12 
C(11) 40(4) 41(3) 33(3) -5(3) 8(3) 2(3) 
C(l2) 41(4) 39(4) 35(3) -5(3) 7(3) 2(3) 
C(l3) 54(4) 49(4) 37(4) -1(3) 15(3) 9(3) 
C(14) 48(4) 63(4) 30(4) -4(3) 7(3) 0(3) 
C(15) 50(4) 52(4) 45(4) -9(3) 19(3) 
-4(3) 
C(16) 52(4) 46(4) 33(4) -9(3) 12(3) 5(3) 
C(12') 43(4) 51(4) 30(3) 0(3) 8(3) 8(3) 
C(l2") 51(4) 58(4) 49(4) -8(3) 19(3) 4(3) 
0(11) 63(3) 74(3) 42(3) -14(2) 15(2) -23(3) 
0(12) 66(3) 63(3) 35(2) 8(2) 8(2) -1(2) 
C(21) 46(4) 42(4) 38(4) 4(3) 18(3) 3(3) 
C(22) 48(4) 42(4) 36(3) -1(3) 16(3) 
-5(3) 
C(23) 60(4) 44(4) 40(4) -1(3) 21(3) 2(3) 
C(24) 62(4) 45(4) 38(4) 4(3) 21(3) 5(3) 
C(25) 57(4) 54(4) 25(3) 7(3) 10(3) 8(3) 
C(26) 42(4) 39(4) 39(4) 1(3) 17(3) -1(3) 
C(27) 90(5) 53(4) 43(4) 6(3) 26(4) 12(4) 
S(2) 95(2) 103(2) 62(1) 21(1) 33(1) 45(1) 
C(28) 221(16) 270(19) 223(16) 130(16) 173(14) 147(16) 
C(29) 390(30) 75(8) 200(15) -8(9) -66(16) 23(12) 
C(23') 50(4) 40(3) 40(4) -12(3) 15(3) -14(3) 
C(23") 46(4) 67(4) 45(4) 0(3) 14(3) -7(3) 
0(21) 80(3) 56(3) 32(2) 3(2) 8(2) 16(3) 
0(22) 94(4) 43(3) 45(2) -3(2) 25(3) 11(2) 
C(31) 51(4) 42(4) 35(3) -5(3) 15(3) -1(3) 
C(32) 46(4) 45(4) 35(3) -3(3) 8(3) -5(3) 
C(33) 64(4) 49(4) 35(4) -5(3) 22(3) -6(3) 
C(34) 62(4) 49(4) 41(4) -9(3) 21(3) -7(3) 
C(35) 61(4) 36(4) 43(4) -7(3) 16(3) -13(3) 
C(36) 49(4) 43(4) 32(3) -5(3) 9(3) -5(3) 
C(34') 51(4) 45(4) 32(3) 0(3) 15(3) -7(3) 
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C(34") 50(4) 52(4) 46(4) 7(3) 8(3) 4(3) 
0(31) 87(3) 40(3) 59(3) -9(2) 39(3) -11(2) 
0(32) 90(3) 50(3) 57(3) -13(2) 47(3) -11(2) 
C(41) 41(3) 37(3) 41(4) 3(3) 18(3) 1(3) 
C(42) 51(4) 33(3) 41(4) 7(3) 15(3) 1(3) 
C(43) 42(4) 44(4) 36(4) 2(3) 6(3) 2(3) 
C(44) 39(4) 51(4) 44(4) 7(3) 10(3) 8(3) 
C(45) 51(4) 49(4) 38(4) 2(3) 20(3) 11(3) 
C(46) 48(4) 35(3) 34(3) 6(3) 16(3) -2(3) 
C(47) 55(4) 64(4) 46(4) 9(3) 17(3) 9(3) 
S(4) 50(1) 86(1) 59(1) 4(1) 19(1) 4(1) 
C(48) 63(5) 82(6) 91(6) -3(5) 16(4) -7(4) 
C(49) 99(7) 1 05(7) 145(9) 30(6) 35(6) -20(6) 
C(41') 56(4) 36(3) 39(3) -4(3) 15(3) -7(3) 
C(41 ") 71(5) 46(4) 47(4) 0(3) 24(3) 13(3) 
0(41) 52(3) 56(3) 44(3) -5(2) 20(2) 8(2) 
0(42) 47(3) 75(3) 42(2) -9(2) 10(2) -1(2) 
N(1) 150(7) 57(4) 101(5) -18( 4) 70(5) -4(4) 
C(1A) 89(6) 37(4) 92(6) 10(4) 43(5) 12(4) 
C(lB) 234(12) 69(6) 183(1 0) 13(6) 173(10) 26(7) 
N(2) 490(30) 360(20) 270(20) -147(19) 220(20) -240(20) 
C(2A) 240(20) 260(20) 139(16) -108(16) 26(14) -84(18) 
C(2B) 131(12) 470(30) 155(14) -131(17) 57(10) -38(15 
N(3) 94(5) 91(5) 60(4) 0(4) -5(4) -9(4) 
C(3A) 80(5) 63(5) 65(5) 3(4) 20(5) -13(4) 
C(3B) 99(6) 159(9) 49(5) 3(5) -3(5) -51(6) 
N(4) 262(17) 350(20) 243(16) -91(17) 52(12) 182(17) 
C(4A) 132(11) 310(30) 158(12) -58(17) 21(9) 130(16) 
C(4B) 97(8) 171(12) 190(12) 85(10) 59(8) -1(8) 
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Table 7 Anisotropic displacement parameters (A 2 x 1 03) for L2. CHCh. 
Atom U11 U22 U33 U23 U13 U12 
C(l1) 30(1) 26(1) 24(1) 1(1) -6(1) 4(1) 
C(12) 28(1) 27(1) 22(1) 2(1) -5(1) -6(1) 
C(l3) 36(1) 25(1) 22(1) 1(1) -6(1) -6(1) 
C(14) 35(1) 28(1) 23(1) 3(1) -7(1) -3(1) 
C(15) 31(1) 32(1) 20(1) 4(1) -7(1) -6(1) 
C(l6) 29(1) 27(1) 20(1) 1(1) -3(1) -6(1) 
C(17) 52(2) 31(1) 27(1) 4(1) -11 (1) 2(1) 
S(l) 55(1) 29(1) 41(1) -1(1) -12(1) 4(1) 
C(18) 50(2) 49(2) 35(2) 0(1) -9(1) -1(1) 
C(l9) 50(2) 91(3) 56(2) -1(2) -13(2) -10(2) 
0(11) 47(1) 36(1) 38(1) 5(1) -23(1) -6(1) 
0(12) 47(1) 24(1) 35(1) -2(1) -16(1) -3(1) 
C(12') 29(1) 26(1) 24(1) 0(1) -7(1) -6(1) 
C(l2") 28(1) 43(2) 29(1) 1(1) -2(1) -5(1) 
C(21) 21(1) 26(1) 25(1) -4(1) -6(1) -1(1) 
C(22) 21(1) 26(1) 24(1) -2(1) -9(1) -1(1) 
C(23) 20(1) 31(1) 21(1) 1(1) -6(1) -5(1) 
C(24) 20(1) 28(1) 26(1) -4(1) -8(1) 0(1) 
C(25) 26(1) 26(1) 28(1) -3(1) -11(1) 3(1) 
C(26) 24(1) 27(1) 23(1) -1(1) -8(1) -4(1) 
C(27) 26(1) 34(1) 32(1) -4(1) -4(1) 3(1) 
S(2) 47(1) 40(1) 27(1) -7(1) -3(1) 1(1) 
C(28) 53(2) 39(2) 40(2) -6(1) -15(1) -3(1) 
C(29) 57(2) 54(2) 54(2) -11(2) -26(2) -2(2) 
0(21) 39(1) 28(1) 32(1) 0(1) -6(1) 6(1) . 
0(22) 26(1) 31(1) 25(1) 2(1) -3(1) -2(1) 
C(23') 23(1) 28(1) 27(1) 2(1) -9(1) -1(1) 
C(23") 22(1) 34(1) 47(2) -1(1) -11(1) 3(1) 
C(31) 21(1) 26(1) 27(1) 1(1) -3(1) 3(1) 
Aependix 4 
C(32) 21(1) 23(1) 27(1) -1(1) -6(1) 5(1) 
C(33) 21(1) 21(1) 31(1) -1(1) -7(1) 1(1) 
C(34) 20(1) 27(1) 27(1) 5(1) -4(1) 3(1) 
C(35) 22(1) 26(1) 25(1) 2(1) -8(1) 5(1) 
C(36) 20(1) 21(1) 30(1) 1(1) -8(1) 4(1) 
C(37) 23(1) 32(1) 30(1) 4(1) -9(1) -1(1) 
S(3) 29(1) 36(1) 38(1) 13(1) -3(1) 5(1) 
C(38) 34(1) 32(1) 28(1) 1(1) -5(1) -5(1) 
C(39) 66(2) 36(2) 38(2) I 1(1) 6(2) 5(2) 
0(31) 31(1) 33(1) 25(1) 3(1) -8(1) -3(1) 
0(32) 28(1) 31(1) 31(1) 1(1) -5(1) -7(1) 
C(34') 25(1) 26(1) 28(1) -4(1) -5(1) 1(1) 
C(34") 33(1) 36(2) 37(1) -7(1) -3(1) 11(1) 
C(41) 22(1) 28(1) 24(1) -5(1) -3(1) -2(1) 
C(42) 28(1) 26(1) 22(1) -4(1) -3(1) -4(1) 
C(43) 31(1) 27(1) 25(1) 0(1) -9(1) 1(1) 
C(44) 22(1) 31(1) 27(1) -1(1) -5(1) 0(1) 
C(45) 24(1) 29(1) 23(1) -2(1) -3(1) -4(1) 
C(46) 25(1) 25(1) 22(1) -5(1) -5(1) 0(1) 
C(47) 25(1) 41(2) 38(2) 2(1) -6(1) 3(1) 
S(4) 35(1) 47(1) 57(1) 4(1) -21(1) 3(1) 
C(48) 66(2) 61(2) 48(2) -7(2) -21(2) -5(2) 
C(49) 78(3) 56(2) 60(2) -14(2) -21(2) -1 0(2) 
0(41) 24(1) 37(1) 38(1) 11(1) -5(1) -3(1) 
0(42) 33(1) 33(1) 41(1) 8(1) -14(1) -1(1) 
C(41') 31(1) 31(1) 21(1) -1(1) -5(1) -6(1) 
C(41 ") 34(2) 39(2) 31(1) -6(1) 6(1) -9(1) 
c 50(2) 32(2) 55(2) 0(1) -25(2) -2(1) 
Cl(l) 60(1) 64(1) 74(1) -11(1) -14(1) 3(1) 
Cl(2) 68(1) 55(1) 55(1) 8(1) -23(1) -22(1) 
Cl(3) 83(1) 57(1) 102(1) -33(1) -50(1) 2(1) 
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Table 8 Hydrogen coordinates (xl0 4 ) and equivalent isotropic displacement 
parameters (A2xl0 3 ) for (MeCN)L3.3MeCN 
Atom X y z U(eq) 
H(11) -1906 1962 7385 46 
H(14) 1580 2078 10026 57 
H(l2') -2291 1275 9205 50 
H(l2A) -3811 1740 7636 78 
H(12B) -3771 1876 8628 78 
H(12C) -4436 1400 8209 78 
H(11A) 2456 2616 9305 90 
H(l2) 486 1511 10551 84 
H(21) -3481 1160 6862 49 
H(27A) -833 -498 8227 73 
H(27B) -249 -182 9090 73 
H(28A) 3153 -432 9113 258 
H(28B) 1927 -594 9449 258 
H(29A) 1364 -1040 8321 379 
H(29B) 2736 -1146 9067 379 
H(29C) 2753 -911 8152 379 
H(23') -3820 164 5537 51 
H(23A) -4565 1110 5449 78 
H(23B) -5370 709 5763 78 
H(23C) -5288 718 4765 78 
H(21A) -632 865 9525 87 
H(22) -2189 -212 6124 89 
H(31) -2686 1306 5218 51 
H(34) -886 117 3924 59 
H(34') -760 1684 3799 51 
H(34A) -2978 1942 4397 76 
H(34B) -3015 1851 3389 76 
H(34C) -2235 2288 3909 76 
H(31A) -2085 -368 4544 88 
H(32) -34 701 3249 90 
H(41) -1507 2204 5623 46 
H(47A) 3630 1493 6067 65 
H(47B) 4028 1868 6842 65 
H(48A) 3720 2796 6233 96 
H(48B) 5273 2694 6687 96 
H(49A) 5729 2990 5390 175 
H(49B) 5088 3374 5869 175 
H(49C) 4186 3122 4997 175 
H(41') 568 2836 7403 52 
H(41A) -1406 3025 6258 80 
H(41B) -1662 3037 7211 80 
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H(41C) -2170 2608 6561 80 
H(41D) 1048 1362 4381 75 
H(42) 2337 2457 7751 83 
H(1B1) 1598 1204 8011 207 
H(1B2) 181 958 7623 207 
H(lB3) 453 1446 7238 207 
H(2B1) 3123 347 10645 375 
H(2B2) 1902 491 9810 375 
H(2B3) 2613 869 10531 375 
H(3Bl) 4131 3271 8337 161 
H(3B2) 3048 3536 8688 161 
H(3B3) 4090 3821 8330 161 
H(4B1) 3573 162 7388 223 
H(4B2) 4907 253 7116 223 
H(4B3) 4956 242 8141 223 
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Table 9 Hydrogen coordinates (x 10 4 ) and equivalent isotropic displacement 
parameters (A2 x 10 3 ) forL2.ChCH. 
Atom X y z U(eq) 
H(11) 852 7053 3631 33 
H(17A) 2157 3362 4918 45 
H(l7B) 3576 3870 4731 45 
H(l8A) 5256 3230 2468 55 
H(18B) 4430 4193 2701 55 
H(19A) 5547 4415 3674 100 
H(19B) 6595 4360 2780 100 
H(19C) 6340 3426 3484 100 
H(l1A) 3895 5970 4888 58 
H(l2) 1862 3498 3331 51 
H(12') 53 5015 2696 32 
H(12A) -1147 6721 3386 52 
H(12B) -1669 5609 3709 52 
H(l2C) -1728 6115 2814 52 
H(21) -76 7560 2155 29 
H(27A) 3958 5310 320 38 
H(27B) 4433 6363 -204 38 
H(28A) 2426 4007 -67 52 
H(28B) 1290 4800 169 52 
H(29A) 949 4770 -1174 78 
H(29B) 635 3719 -617 78 
H(29C) 2001 3912 -1344 78 
H(21A) 1901 4679 2056 51 
H(22) 2683 8397 -379 43 
H(23') 986 8963 176 31 
H(23A) -1114 8653 1191 52 
H(23B) -688 9794 1038 52 
H(23C) -562 9116 1853 52 
H(31) 1368 9355 2158 31 
H(37A) 5170 10861 -794 35 
H(37B) 5380 11694 -255 35 
H(38A) 6114 12827 -1622 39 
H(38B) 5708 12151 -2222 39 
H(39A) 4408 13420 -2621 79 
H(39B) 5887 13829 -2804 79 
H(39C) 4758 14092 -2000 79 
H(31A) 3292 10366 -920 45 
H(32) 5079 11835 880 46 
H(34') 3342 11132 2690 32 
H(34A) 1094 11426 2969 55 
H(34B) 1355 10892 3803 55 
Ｍ Ｍ ＭＭＭｾＭＭＭＭＭＭＭＧＭＭＭＧＭＧＭＭＭＭＭＭＭＭＭＭＧＭＭＭＭＭＧＭＭＧ ﾥ＠ Ｍ ﾷ ｾ ＭＭＭＭＧ ﾷ Ｍ ﾷ＠ ------'-' .. ··____;_' -=--• -----'-----'-'---'- ---- .. - ··_:.._·_ .:. • Ｍ Ｍ ｾ＠
Awendix 4 
H(34C) 736 10280 3253 55 
H(41) 1590 8996 3843 31 
H(47A) 7126 9282 2723 43 
H(47B) 6965 8117 2777 43 
H(48A) 5764 9371 4795 69 
H(48B) 7085 9460 5060 69 
H(49A) 7941 10616 3836 96 
H(49B) 6673 10999 4494 96 
H(49C) 6523 10587 3679 96 
H(41D) 5136 10634 2155 53 
H(42) 5632 7440 4348 54 
H(41') 2590 7133 5160 34 
H(41A) 874 8288 5436 56 
H(41B) 281 7188 5597 56 
H(41C) 281 7889 4765 56 
H(O) 8690 3058 1160 53 
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Table 1 Concentration ratio ([Ll]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
Table 2 
0.00 
0.13 
0.25 
0.38 
0.50 
0.63 
0.75 
0.88 
1.00 
1.13 
1.25 
1.38 
1.50 
365.69 
365.01 
364.55 
363.96 
363.54 
363.14 
362.69 
362.34 
361.92 
361.48 
360.98 
360.56 
360.02 
1.63 
1.75 
1.88 
2.01 
2.13 
2.26 
2.38 
2.51 
2.63 
2.76 
2.88 
3.01 
3.13 
3.26 
359.53 
358.88 
358.45 
357.76 
357.21 
356.78 
356.48 
356.08 
355.74 
355.39 
355.04 
354.70 
354.35 
354.00 
Concentration ratio ([Ll]/[Ag+]) data and Am values for the titration of 
Ag+ cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
185.59 
185.42 
185.61 
185.79 
185.98 
186.15 
186.32 
186.52 
186.73 
186.88 
187.06 
187.24 
187.43 
187.57 
187.76 
1.59 
1.69 
1.79 
1.89 
1.99 
2.09 
2.19 
2.29 
2.39 
2.49 
2.59 
2.69 
2.79 
2.89 
187.95 
188.08 
188.25 
188.43 
188.63 
188.78 
188.96 
189.13 
189.29 
189.45 
189.59 
189.75 
189.92 
190.07 
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Concentration ratio ([L 1 ]/[Pb2+]) data and Am values for the titration of Pb2+ 
cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
0.12 
0.24 
0.36 
0.48 
0.60 
0.72 
0.84 
0.96 
1.08 
1.20 
1.32 
1.44 
341.30 
341.80 
341.30 
341.76 
341.77 
341.74 
341.71 
341.67 
341.68 
341.61 
341.75 
341.67 
1.56 
1.68 
1.80 
1.92 
2.04 
2.16 
2.28 
2.40 
2.52 
2.64 
2.76 
2.88 
341.68 
341.73 
341.74 
341.74 
341.75 
341.76 
341.76 
341.65 
341.78 
341.78 
341.70 
341.54 
Concentration ratio ([Ll]/[Cd2+]) data and Am values for the titration of Cd2+ 
cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
0.00 
0.06 
0.12 
0.17 
0.23 
0.29 
0.35 
0.41 
0.46 
0.52 
0.58 
0.64 
0.70 
0.79 
0.88 
1.07 
345.35 
345.56 
345.52 
345.60 
345.67 
345.62 
345.57 
345.65 
345.72 
345.54 
345.61 
345.79 
345.73 
345.81 
345.75 
345.88 
1.16 
1.25 
1.35 
1.44 
1.53 
1.63 
1.72 
1.81 
1.90 
2.00 
2.09 
2.18 
2.28 
2.37 
2.46 
345.93 
345.86 
345.91 
345.95 
345.88 
345.87 
345.85 
345.82 
345.79 
345.75 
345.71 
345.67 
345.63 
345.58 
345.53 
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Table 5 Concentration ratio ([Ll ]/[Cu2+]) data and Am values for the titration of ｃｾ Ｒ Ｋ＠
cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
[Ll]/[Cu2+] Am (S cm2 mo1"1) [Ll]/[Cu2+] Am (S cm2 mor1) 
0.00 387.61 1.53 390.94 
0.11 387.99 1.64 391.16 
0.22 388.25 1.75 391.17 
0.33 388.61 1.86 391.58 
0.44 388.97 1.97 391.59 
0.55 389.02 2.08 391.80 
0.66 389.37 2.19 392.10 
0.77 389.51 2.30 392.00 
\ 
0.88 389.96 2.41 392.10 
0.99 390.10 2.52 392.10 
1.09 390.23 2.63 392.39 
1.20 390.56 2.74 392.48 
1.31 390.59 2.85 392.57 
1.42 390.82 2.96 392.85 
Table 6 Concentration ratio ([Ll]/[Zn2+]) data and Am values for the titration of Zn2+ 
cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
[Ll]/[Zn2+] Am (S cm2 mor1) [Ll ]/[Zn2+] Am (S cm2 mor1) 
0.00 302.01 1.54 293.04 
0.14 301.39 1.68 292.49 
0.28 300.89 1.82 291.67 
0.42 299.73 1.96 290.85 
0.56 299.10 2.10 290.03 
0.70 298.19 2.24 289.32 
0.84 297.41 2.38 288.23 
0.98 296.36 2.53 287.26 
1.12 295.57 2.67 286.42 
1.26 294.78 2.81 285.44 
1.40 293.98 2.95 284.71 
Table 7 
Table 8 
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Concentration ratio ([Ll]/[Ni2+]) data and Am values for the titration of 
Ni2+ cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
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Concentration ratio ([Ll]/[Ca2+]) data and Am values for the titration of Ca2+ 
cation (perchlorate as counter-ion) with Ll in acetonitrile at 298.15 K. 
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Table 9 Am values as a function of the concentration ratio ([L2]/[Ag+]) for the 
titration of Ag + cation (perchlorate as counter-ion) with L2 in acetonitrile 
at 298.15 K. 
[L2]/[Ag+] Am (S cm2 mor1) [L2]/[Ag+] Am (S cm2 mor1) 
0.00 197.81 1.06 183.34 
0.08 197.38 1.11 182.84 
0.12 197.06 1.21 181.79 
0.17 196.05 1.31 180.85 
0.24 194.82 1.42 179.97 
0.31 193.70 1.50 179.22 
0.37 192.48 1.59 178.52 
0.43 191.68 1.69 177.79 
0.49 190.57 1.79 177.06 
0.54 189.77 1.89 176.35 
0.60 189.03 1.98 175.75 
0.66 188.10 2.08 175.11 
0.75 186.93 2.17 174.68 
0.82 186.09 2.27 174.22 
0.92 184.85 2.35 173.75 
0.99 184.08 2.46 173.28 
Table 10 Am values as a function of the concentration ratio ([L2]/[Pb2+]) for the 
titration of Pb2+ cation (perchlorate as counter-ion) with L2 in acetonitrile 
at 298.15 K. 
[L2]/[Pb2+] Am (S cm2 mol"1) [L2]/[Pb2+] Am (S cm2 mor1) 
0.00 333.96 1.58 323.60 
0.07 333.99 1.70 323.15 
0.15 333.09 1.83 322.57 
0.28 331.78 1.94 321.97 
0.46 330.46 2.02 321.65 
0.59 329.43 2.13 321.26 
0.70 328.65 2.24 320.91 
0.81 327.93 2.34 320.47 
0.91 327.28 2.46 320.03 
1.02 326.57 2.58 319.67 
1.09 326.25 2.70 319.17 
1.20 325.64 2.78 318.98 
1.26 325.23 2.91 318.55 
1.37 324.74 3.00 318.35 
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Table 11 Am values as a function of the concentration ratio ([L2]/[Hg2+]) for the 
titration of Hg2+ cation (perchlorate as counter-ion) with L2 in acetonitrile 
at 298.15 K. 
[L2]/[Hg2+] Am (S cm2 mol"1) [L2]/[Hg2l Am (S cm2 mol"1) 
0.00 379.59 1.25 295.29 
0.04 366.63 1.29 295.01 
0.09 344.46 1.34 294.71 
0.13 320.60 1.38 294.27 
0.18 297.66 1.43 294.05 
0.22 274.05 1.47 293.81 
0.27 259.67 1.52 293.54 
0.31 265.38 1.56 293.26 
0.36 270.71 1.61 293.09 
0.40 276.08 1.65 292.89 
0.45 281.51 1.70 292.67 
0.49 286.76 1.74 292.57 
0.54 290.93 1.79 292.32 
0.58 294.69 1.83 292.31 
0.62 296.66 1.87 292.15 
0.67 297.61 1.92 292.24 
0.71 298.09 1.96 292.04 
0.76 298.21 2.01 291.96 
0.80 298.08 2.05 291.87 
0.85 297.68 2.10 291.89 
0.89 297.50 2.14 291.90 
0.94 297.65 2.19 291.86 
0.98 297.30 2.23 291.85 
1.03 297.04 2.28 291.83 
1.07 296.77 2.32 291.81 
1.12 296.46 2.37 291.80 
1.16 296.01 2.41 291.78 
1.21 295.79 2.46 291.76 
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Table 12 Am values as a function of the concentration ratio ([L2]/[Cu2+]) for the 
titration of Cu2+ cation (perchlorate as counter-ion) with L2 in acetonitrile 
at 298.15 K. 
[L2 ]/[ Cu2+] Am (S cm2 mort) [L2]/[Cu2+] Am (S cm2 mort) 
0.0 375.53 0.9 338.30 
0.1 369.49 0.9 338.11 
0.1 361.77 1.0 337.89 
0.1 352.86 1.0 337.60 
0.2 347.61 1.1 336.82 
0.2 344.03 1.1 336.82 
0.2 342.82 1.1 336.70 
0.3 342.10 1.2 336.52 
0.3 341.93 1.3 336.49 
0.3 341.66 1.3 336.12 
0.4 341.16 1.3 335.98 
0.4 340.96 1.4 335.68 
0.5 340.67 1.4 335.58 
0.5 341.11 1.5 335.67 
0.5 341.32 1.5 335.84 
0.6 341.01 1.5 335.26 
0.6 340.66 1.6 335.13 
0.6 340.26 1.7 334.95 
0.7 339.94 1.7 335.01 
0.7 339.89 1.7 334.82 
0.7 339.60 1.8 334.64 
0.8 339.30 1.8 334.69 
0.8 338.96 1.9 334.34 
0.9 338.42 1.9 334.31 
0.9 338.27 2.0 334.27 
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Table 13 Concentration ratio ([L2]/[Cd2+]) data and Am values for the titration of Cd2+ 
cation (perchlorate as counter-ion) with L2 in acetonitrile at 298.15 K. 
[L2 ]/[ Cd2+] Am (S cm2 mor1) [L2 ]/[ Cd2+] Am (S cm2 mor1) 
0.00 347.94 1.41 343.57 
0.05 347.88 1.48 343.39 
0.12 347.67 1.55 342.99 
0.17 347.53 1.62 342.73 
0.22 347.29 1.70 342.49 
0.27 347.17 1.77 342.24 
0.31 347.20 1.84 342.10 
0.39 346.70 1.91 342.02 
0.44 346.59 1.98 341.75 
0.50 346.46 2.04 341.43 
0.55 346.09 2.13 341.19 
0.61 346.02 2.20 340.90 
0.68 345.87 2.28 340.62 
0.75 345.65 2.35 340.29 
0.80 345.46 2.44 340.18 
0.87 345.25 2.50 339.74 
0.92 344.98 2.57 339.31 
0.99 344.70 2.66 339.14 
1.06 344.43 2.73 338.64 
1.12 344.35 2.81 338.65 
1.19 344.17 2.88 338.34 
1.28 343.87 2.95 338.02 
1.34 343.93 
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Table 14 Concentration ratio ([L2]/[Zn2+]) data and Am values for the titration of Zn2+ 
cation (perchlorate as counter-ion) with L2 in acetonitrile at 298.15 K. 
[L2]/[Zn2+] Am (S cm2 mor1) [L2]/[Zn2+] Am (S cm2 mor1) 
0.00 308.27 1.17 302.54 
0.04 308.12 1.23 302.36 
0.08 307.96 1.28 302.05 
0.11 307.59 1.34 301.89 
0.16 307.34 1.39 301.25 
0.21 307.10 1.45 300.95 
0.25 306.86 1.51 300.56 
0.29 306.79 1.56 300.33 
0.33 306.68 1.62 300.27 
0.37 306.39 1.67 299.90 
0.42 306.12 1.73 299.50 
0.48 305.82 1.79 299.18 
0.53 305.56 1.86 298.98 
0.58 305.27 1.92 298.62 
0.64 305.04 1.98 298.38 
0.69 304.89 2.05 298.16 
0.74 304.63 2.11 297.92 
0.79 304.30 2.16 297.71 
0.84 304.06 2.21 297.36 
0.89 303.78 2.26 297.09 
0.95 303.53 2.33 296.90 
1.01 303.31 2.36 296.70 
1.06 303.20 2.42 296.42 
1.12 302.79 2.47 296.13 
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Concentration ratio ([L2]/[Ni2+]) data and Am values for the titration 
of Ni2+ cation (perchlorate as counter-ion) with L2 in acetonitrile at 
298.15 K. 
[L2]/[Ni2+] Am (S cm2 mol"1) [L2]/[Ni2+] Am (S cm2 mol"1) 
0.06 360.12 1.43 361.79 
0.15 360.21 1.56 362.41 
0.21 360.12 1.68 362.34 
0.32 360.28 1.76 362.26 
0.41 360.55 1.91 362.43 
0.52 360.71 2.03 362.56 
0.62 360.78 2.16 362.74 
0.72 361.02 2.26 362.93 
0.83 361.04 2.41 363.13 
0.93 361.41 2.56 363.26 
1.06 361.49 2.74 363.56 
1.18 361.53 2.88 363.68 
1.30 361.78 
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Table 16 Concentration ratio ([L2]/[Co2+]) data and Am values for the titration of Co2+ 
cation (perchlorate as counter-ion) with L2 in acetonitrile at 298.15 K. 
[L2]/[Co2+] Am (S cm2 mor1) [L2]/[Co2l Am (S cm2 mor1) 
0.00 320.44 1.03 320.20 
0.03 320.08 1.12 320.22 
0.06 320.04 1.17 320.21 
0.11 320.06 1.22 320.19 
0.13 320.09 1.30 320.16 
0.16 320.08 1.35 320.21 
0.19 320.07 1.44 320.16 
0.22 320.11 1.52 320.23 
0.27 320.03 1.60 320.33 
0.32 320.08 1.69 320.42 
0.36 320.07 1.77 320.38 
0.40 320.07 1.88 320.42 
0.46 320.07 1.96 320.48 
0.49 320.10 2.02 320.53 
0.54 320.08 2.07 320.45 
0.59 320.11 2.13 320.57 
0.63 320.17 2.21 320.53 
0.68 320.15 2.30 320.55 
0.73 320.08 2.35 320.59 
0.78 320.14 2.48 320.58 
0.82 320.15 2.59 320.71 
0.87 320.20 2.73 320.70 
0.92 320.16 2.87 320.67 
0.98 320.16 3.01 320.84 
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Table 17 Concentration ratio ([L3]/[Ag+]) data and Am values for the titration of Ag+ 
cation (perchlorate as counter-ion) with L3 in acetonitrile at 298.15 K. 
[L3]/[Ag+] Am (S cm2 mort) [L3]/[Ag+] Am (S cm2 mort) 
0.00 178.49 1.47 175.22 
0.11 178.18 1.58 175.07 
0.23 177.97 1.70 174.96 
0.34 177.50 1.81 174.74 
0.45 177.30 1.92 174.46 
0.57 177.26 2.04 174.27 
0.68 177.17 2.15 174.04 
0.79 176.63 2.26 173.82 
0.90 176.54 2.38 173.55 
1.02 176.43 2.49 173.45 
1.13 175.97 1.47 175.22 
1.24 175.86 1.58 175.07 
1.36 175.73 
Table 18 Concentration ratio ([L3]/[Cu2+]) data and Am values for the titration of Cu2+ 
cation (perchlorate as counter-ion) with L3 in acetonitrile at 298.15 K. 
[L3]/[Cu2l Am (S cm2 mol"1) [L3]/[Cu2+] Am (S cm2 mol"1) 
0.00 376.59 1.26 381.99 
0.09 377.72 1.35 382.12 
0.18 377.56 1.44 382.36 
0.27 378.22 1.53 382.72 
0.36 378.72 1.62 382.86 
0.45 378.99 1.71 382.98 
0.54 379.21 1.80 383.30 
0.63 379.50 1.89 383.60 
0.72 379.78 1.98 383.80 
0.81 380.12 2.07 383.95 
0.90 380.30 2.16 384.16 
0.99 380.54 2.25 384.39 
1.08 381.21 2.34 384.56 
1.17 381.73 2.43 384.78 
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Table 19 Concentration ratio ([L3]/[Pb2+]) data and Am values for the titration of Pb2+ 
cation (perchlorate as counter-ion) with L3 in acetonitrile at 298.15 K. 
[L3]/[Pb2+] Am (S cm2 mor1) [L3]/[Pb2+] Am (S cm2 mol"1) 
0.00 333.96 1.26 330.90 
0.07 333.99 1.37 330.60 
0.15 334.00 1.50 329.70 
0.28 333.40 1.58 330.00 
0.46 333.10 1.70 329.40 
0.59 332.50 1.83 328.40 
0.70 332.80 1.94 328.00 
0.81 332.00 2.02 328.40 
0.91 332.20 2.13 328.00 
1.02 331.60 2.24 327.50 
1.09 330.90 2.34 327.20 
1.20 330.90 2.46 327.20 
Table 20 Am values as a function of the concentration ratio ([L3]/[Cd2+]) for the 
titration of Cd2+ cation (perchlorate as counter-ion) with L3 in acetonitrile 
at 298.15 K. 
[L3]/[Cd2+] Am (S cm2 mor1) [L3]/[Cd2+] Am (S cm2 mor1) 
0.00 347.94 1.41 343.57 
0.05 347.88 1.48 343.39 
0.12 347.67 1.55 342.99 
0.17 347.53 1.62 342.73 
0.22 347.29 1.70 342.49 
0.27 347.17 1.77 342.24 
0.31 347.20 1.84 342.10 
0.39 346.70 1.91 342.02 
0.44 346.59 1.98 341.75 
0.50 346.46 2.04 341.43 
0.55 346.09 2.13 341.19 
0.61 346.02 2.20 340.90 
0.68 345.87 2.28 340.62 
0.75 345.65 2.35 340.29 
0.80 345.46 2.44 340.18 
0.87 345.25 2.50 339.74 
0.92 344.98 2.57 339.31 
0.99 344.70 2.66 339.14 
1.06 344.43 2.73 338.64 
1.12 344.35 2.81 338.65 
1.19 344.17 2.88 338.34 
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Table 21 Am values as a function of the concentration ratio ([L3]/[Hg2+]) for the 
titration of Hg2+ cation (perchlorate as counter-ion) with L3 in acetonitrile 
at 298.15 K. 
[L3]/[Hg2+] Am (S cm2 mo1"1) [L3]/[Hg2+] Am (S cm2 mo1"1) 
0.00 359.70 1.12 270.67 
0.07 341.53 1.19 271.49 
0.14 329.42 1.26 272.02 
0.21 313.75 1.33 272.12 
0.28 296.04 1.40 271.79 
0.35 279.36 1.54 271.27 
0.42 262.90 1.61 270.74 
0.49 249.38 1.68 270.55 
0.56 246.85 1.75 270.37 
0.63 248.61 1.82 270.18 
0.70 251.66 1.89 270.00 
0.77 255.41 1.96 269.81 
0.84 261.45 2.10 269.44 
0.91 264.47 2.17 269.25 
0.98 266.97 2.24 269.06 
1.05 268.99 2.31 268.88 
Table 22 Am values as a function of the concentration ratio ([L1]/[Hg2+]) for the 
titration ofHg2+ cation (perchlorate as counter-ion) with Ll in methanol at 
298.15 K. 
[Ll]/[Hg2+] Am (S cm2 mol"1) [L 1 ]/[Hg2+] Am (S cm2 mor1) 
0.15 223.10 1.66 216.07 
0.30 222.20 1.81 215.49 
0.45 221.60 1.96 214.90 
0.60 221.02 2.11 214.19 
0.75 220.35 2.26 213.60 
0.90 219.62 2.41 213.00 
1.05 218.85 2.56 212.20 
1.21 218.09 2.71 211.40 
1.36 217.38 2.86 210.90 
1.51 216.68 3.01 210.28 
Table 23 
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Am values as a function of the concentration ratio ([L2]/[Pb2+]) for the 
titration of Pb2+ cation (perchlorate as counter-ion) with L2 in methanol at 
298.15 K. 
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Am values as a function of the concentration ratio ([L2]/[Ag+]) for the 
titration of Ag+ cation (perchlorate as counter-ion) with L2 in methanol at 
298.15 K. 
[L2]/[Ag+] Am(S cm2 mol'1) [L2]/[Ag+] Am (S cm2 mol'1) 
0.00 108.20 1.25 89.98 
0.07 107.18 1.33 90.17 
0.15 105.97 1.42 90.19 
0.24 104.97 1.50 90.38 
0.32 103.93 1.59 90.58 
0.40 102.74 1.67 90.77 
0.49 101.87 1.76 90.97 
0.57 100.48 1.85 90.99 
0.66 98.23 1.93 91.00 
0.74 95.28 2.02 91.18 
0.83 93.33 2.10 91.19 
0.91 91.35 2.19 91.38 
0.99 90.21 2.27 91.57 
1.07 89.88 2.37 91.59 
1.16 89.77 2.45 91.59 
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Table 25 Am values as a function of the concentration ratio ([L2]/[Cu2+]) for the 
titration of Cu2+ cation (perchlorate as counter-ion) with L2 in methanol at 
298.15 K. 
[L2]/[Cu2+] Am (S cm2 mor1) [L2]/[Cu2+] Am (S cm2 mol"1) 
0.00 236.22 1.09 263.18 
0.07 237.35 1.16 263.72 
0.13 239.69 1.21 264.51 
0.19 242.16 1.27 264.83 
0.25 244.02 1.33 265.75 
0.32 245.89 1.42 266.57 
0.37 247.54 1.49 267.15 
0.43 249.23 1.57 267.78 
0.49 250.87 1.63 268.03 
0.55 252.54 1.71 268.29 
0.61 254.04 1.77 268.64 
0.67 255.55 1.83 269.02 
0.72 257.01 1.91 269.39 
0.78 258.19 1.97 269.43 
0.84 258.97 2.03 269.66 
0.89 260.35 2.11 269.58 
0.96 261.13 2.17 269.68 
1.03 262.39 2.23 269.92 
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Table 26 Am values as a function of the concentration ratio ([L2]/[Hg2+]) for the 
titration of Hg2+ cation (perchlorate as counter-ion) with L2 in methanol at 
298.15 K. 
[L2]/[Hg2+] Am (S cm2 mor1) [L2]/[Hi+J Am {S cm2 mor1) 
0.05 224.87 0.80 338.99 
0.07 223.75 0.87 339.29 
0.10 222.07 0.94 339.46 
0.15 220.33 0.98 339.63 
0.18 219.36 1.03 339.70 
0.20 219.00 1.08 339.79 
0.25 227.47 1.15 340.05 
0.28 250.02 1.21 340.09 
0.30 260.11 1.29 340.08 
0.32 276.57 1.34 340.17 
0.35 295.74 1.42 340.21 
0.37 304.94 1.48 340.35 
0.40 312.91 1.54 340.40 
0.43 321.06 1.59 340.42 
0.46 326.80 1.66 340.40 
0.49 331.26 1.71 340.37 
0.52 334.43 1.81 340.40 
0.55 336.28 1.88 340.39 
0.59 337.38 1.96 340.39 
0.62 338.00 2.01 340.33 
0.69 338.39 2.10 340.32 
0.74 338.78 2.16 340.32 
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Table 27 Concentration ratio ([L3]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with L3 in methanol at 298.15 K. 
[L3]/[Hg2+] Am (S cm2 mort) [L3]/[Hg2+] Am (S cm2 mort) 
0.06 211.92 1.57 308.18 
0.12 214.81 1.63 309.45 
0.17 217.46 1.69 310.47 
0.23 219.77 1.75 311.33 
0.29 221.85 1.81 311.95 
0.35 223.52 1.87 312.50 
0.41 224.65 1.92 312.77 
0.47 225.74 1.98 312.87 
0.52 229.72 2.04 312.94 
0.58 234.74 2.11 312.57 
0.64 244.03 2.17 312.78 
0.70 255.25 2.24 312.56 
0.76 266.32 2.32 312.30 
0.82 275.00 2.39 312.09 
0.87 281.00 2.46 311.94 
0.93 287.00 2.54 311.68 
0.99 290.14 2.61 311.39 
1.05 294.00 2.68 311.11 
1.11 297.00 2.75 310.85 
1.17 299.00 2.83 310.59 
1.22 300.00 2.90 310.31 
1.28 304.00 2.97 310.01 
1.34 304.00 3.05 309.73 
1.40 303.61 3.12 309.42 
1.46 305.36 3.19 309.13 
1.52 306.84 3.26 308.81 
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Table 28 Concentration ratio ([L3]/[Ag+]) data and Am values for the titration of Ag+ 
cation (perchlorate as counter-ion) with L3 in methanol at 298.15 K. 
[L3]/[Ag+] Am (S cm2 mo1"1) [L3]/[Ag+] Am (S cm2 mor1) 
0.05 102.30 1.44 90.62 
0.16 100.82 1.54 90.44 
0.25 99.33 1.65 90.16 
0.35 98.12 1.75 90.12 
0.44 96.92 1.90 89.79 
0.55 95.62 2.00 89.58 
0.65 94.73 2.13 89.49 
0.74 93.77 2.20 89.30 
0.85 92.87 2.31 89.14 
0.96 92.15 2.43 88.98 
1.06 91.71 2.54 88.80 
1.19 91.35 2.66 88.62 
1.31 90.97 2.78 88.44 
Table 29 Concentration ratio ([L3]/[Pb2+]) data and Am values for the titration of Pb2+ 
cation (perchlorate as counter-ion) with L3 in methanol at 298.15 K. 
[L3]/[Pb2+] Am (S cm2 mo1"1) [L3]/[Pb2+] Am (S cm2 mor1) 
0.00 251.10 1.44 250.72 
0.10 251.13 1.57 250.66 
0.21 251.18 1.71 250.48 
0.31 251.06 1.81 250.50 
0.45 250.99 1.92 250.45 
0.56 250.91 2.02 250.39 
0.65 250.96 2.12 250.39 
0.75 250.80 2.26 250.29 
0.89 250.71 2.40 250.32 
. 0.99 250.79 2.54 250.19 
1.10 250.87 2.67 250.19 
1.24 250.74 2.78 250.07 
1.34 250.67 
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Table 30 Concentration ratio ([L3]/[Cu2+]) data and Am values for the titration of Cu2+ 
cation (perchlorate as counter-ion) with L3 in methanol at 298.15 K. 
[L3]/[Cu2+] Am (S cm2 mort) [L3]/[ Cu2+] Am (S cm2 mort) 
0.11 239.28 1.26 242.06 
0.17 239.45 - 1.34 242.42 
0.23 239.33 1.43 242.72 
0.32 239.53 1.49 242.88 
0.38 239.71 1.56 243.14 
0.44 239.96 1.64 243.39 
0.53 240.21 1.70 243.67 
0.57 240.43 1.78 243.84 
0.65 240.20 1.89 244.19 
0.71 240.59 1.97 244.43 
0.80 240.64 2.05 244.75 
0.86 240.69 2.14 244.97 
0.92 240.89 2.24 245.12 
0.99 241.14 2.33 245.06 
1.05 241.34 2.43 245.81 
1.11 241.61 2.54 246.10 
1.20 241.93 2.62 246.45 
Table 31 Concentration ratio ([Ll]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with Ll in DMSO at 298.15 K. 
[Ll ]/[Hg2+] Am (S cm2 mol"1) [Ll]/[Hg2l Am (S cm2 mol"1) 
0.00 69.84 1.58 69.77 
0.10 69.85 1.68 69.76 
0.20 69.84 1.78 69.71 
0.30 69.83 1.88 69.73 
0.40 69.82 1.98 69.74 
0.49 69.82 2.08 69.76 
0.59 69.82 2.18 69.78 
0.69 69.81 2.28 69.78 
0.79 69.79 2.38 69.82 
0.89 69.79 2.47 69.82 
0.99 69.82 2.57 69.79 
1.09 69.81 2.67 69.83 
1.19 69.83 2.77 69.80 
1.29 69.82 2.87 69.76 
1.39 69.83 2.97 69.75 
1.48 69.78 
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Table 32 Concentration ratio ([L3]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with L3 in DMSO at 298.15 K. 
[L3]/[Hg2+] Am (S cm2 mor1) [L3]/[Hg2+] Am (S cm2 mor1) 
0.00 67.23 1.56 63.09 
0.14 65.56 1.71 63.20 
0.28 64.32 1.85 63.31 
0.43 63.45 1.99 63.41 
0.57 62.90 2.13 63.50 
0.71 62.63 2.28 63.59 
0.85 62.56 2.42 63.69 
1.00 62.62 2.56 63.80 
1.14 62.73 2.70 63.87 
1.28 62.86 2.84 63.97 
1.42 62.97 2.99 64.07 
Table 33 Concentration ratio ([L3]/[Ag+]) data and Am values for the titration of 
Ag+ cation (perchlorate as counter-ion) with L3 in DMSO at 298.15 K. 
[L3]/[Ag+] Am (S cm2 mor1) [L3]/[Ag+] Am (S cm2 mor1) 
0.00 40.08 1.50 40.50 
0.12 40.12 1.62 40.54 
0.25 40.16 1.75 40.56 
0.37 40.20 1.87 40.57 
0.50 40.24 2.00 40.59 
0.62 40.27 2.12 40.62 
0.75 40.31 2.24 40.66 
0.87 40.33 2.37 40.68 
1.00 40.36 2.49 40.72 
1.12 40.40 2.62 40.76 
1.25 40.43 2.74 40.79 
1.37 40.47 2.87 40.83 
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Table 34 Concentration ratio ([L3]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with L3 in DMF at 298.15 K. 
[L3]/[Hg2+] Am (S cm2 mort) [L3]/[Hg2+] Am (S cm2 mort) 
0.06 137.93 1.21 124.83 
0.13 136.25 1.27 124.81 
0.19 134.74 1.34 124.82 
0.25 132.80 1.46 124.67 
0.32 130.67 1.53 124.64 
0.38 128.59 1.59 124.58 
0.45 126.79 1.65 124.48 
0.51 125.35 1.78 124.29 
0.64 124.70 1.84 124.20 
0.70 124.71 1.91 124.27 
0.76 124.76 1.97 124.01 
0.89 124.82 2.04 123.92 
0.95 124.83 2.10 123.82 
1.02 124.83 2.16 123.67 
1.08 124.83 2.23 123.57 
Table 35 Concentration ratio ([L3]/[Ag+]) data and Am values for the titration of Ag+ 
cation (perchlorate as counter-ion) with L3 in DMF at 298.15 K. 
[L3]/[Ag+] Am (S cm2 mor1) [L3]/[Ag+] Am (S cm2 mor1) 
0.00 81.11 1.36 77.51 
0.08 80.60 1.56 77.44 
0.15 80.12 1.66 77.42 
0.23 79.69 1.86 77.41 
0.38 79.38 1.96 77.39 
0.45 79.13 2.16 77.37 
0.68 78.42 2.26 77.38 
0.75 78.25 2.36 77.40 
0.83 78.12 2.46 77.41 
0.90 78.00 2.56 77.42 
1.05 77.76 2.66 77.44 
1.21 77.59 2.76 77.44 
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Table 36 Concentration ratio ([L3]/[Pb2+]) data and Am values for the titration of pb2+ 
cation (perchlorate as counter-ion) with L3 in DMF at 298.15 K. 
[L3]/[Pb2+] Am (S cm2 mol"1) [L3]/[Pb2+] Am (S cm2 mor1) 
0.00 184.43 1.41 181.63 
0.10 183.73 1.61 181.46 
0.20 183.52 1.71 181.26 
0.30 183.47 1.81 181.16 
0.40 183.13 1.91 181.11 
0.50 182.90 2.11 180.95 
0.60 182.72 2.21 180.91 
0.70 182.52 2.41 180.74 
0.80 182.34 2.51 180.67 
1.01 182.07 2.61 180.62 
1.11 181.97 2.71 180.55 
1.21 181.83 2.82 180.51 
1.31 181.75 2.92 180.50 
Table 37 Concentration ratio ([L3]/[Cd2+]) data and Am values for the titration of Cd2+ 
cation (perchlorate as counter-ion) with L3 in DMF at 298.15 K. 
[L3]/Cd2j Am (S cm2 mor1) [L3]/Cd2j Am (S cm2 mor1) 
0.00 126.52 1.51 123.62 
0.10 125.97 1.61 123.56 
0.20 125.57 1.71 123.54 
0.30 125.27 1.81 123.51 
0.40 125.01 1.91 123.49 
0.50 124.79 2.01 123.48 
0.60 124.61 2.11 123.47 
0.70 124.44 2.22 123.49 
0.81 124.30 2.32 123.51 
0.91 124.17 2.42 123.54 
1.01 124.06 2.52 123.59 
1.11 123.91 2.62 123.68 
1.21 123.86 2.72 123.69 
1.31 123.75 2.82 123.71 
1.41 123.70 2.92 123.72 
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Table 38 Concentration ratio ([L3]/[Hg2+]) data and Am values for the titration of 
Hg2+ cation (perchlorate as counter-ion) with L3 in PC at 298.15 K. 
[L3]/[Hg2+] Am (S cm2 mor1) [L3]/[Hg2+] Am (S cm2 mor1) 
0.00 44.61 1.60 40.51 
0.12 43.97 1.73 40.42 
0.25 43.56 1.85 40.36 
0.37 43.19 1.97 40.28 
0.49 42.86 2.10 40.22 
0.62 42.42 2.22 40.17 
0.74 41.92 2.35 40.12 
0.86 '41.55 2.47 40.09 
0.99 41.26 2.59 40.05 
1.11 41.05 2.72 40.02 
1.23 40.87 2.84 39.98 
1.36 40.73 2.96 39.93 
1.48 40.60 
Table 39 Concentration ratio ([L3]/[Ag+]) data and Am values for the titration of Ag+ 
cation (perchlorate as counter-ion) with L3 in PC at 298.15 K. 
[L3]/[Ag+] Am (S cm2 mor1) [L3]/[Ag+] Am (S cm2 mor1) 
0.00 24.00 1.45 20.33 
0.11 23.10 1.56 20.21 
0.22 22.80 1.67 20.10 
0.33 22.20 1.78 20.01 
0.45 22.00 1.89 19.93 
0.56 21.60 2.00 19.87 
0.67 21.30 2.12 19.81 
0.78 21.54 2.23 19.76 
0.89 21.29 2.34 19.71 
1.00 21.04 2.45 19.67 
1.11 20.83 2.56 19.63 
1.22 20.65 2.67 19.60 . 
1.34 20.48 2.78 19.57 
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Interatomic bond distances (A) and angles (0 ) around Hg2+ for the Hg2+- L2 
complex. 
Bond lengths [A] and angles [deg] for linearly coordinated Hg(II). 
Hg(2)-S(8) 2.336(3) 
Hg(2)-S(4) 2.347(3) 169.9(1) 
Hg(3)-S(5) 2.345(4) 
Hg(3)-S(7) 2.348(3) 176.2(1) 
Hg(5)-S(1) 2.341(4) 
Hg(5)-S(2) 2.342(4) 173.0(1) 
Bond lengths [A] and angles [deg] for tetrahedraly coordinated Hg(Il). 
Hg(l)-S(6) 
Hg(1)-S(9) 
Hg(1)-S(7) 
Hg(l)-S(8) 
Hg(4)-S(3) 
Hg(4)-S(6) 
Hg(4)-S(2)#1 
Hg(4)-S(l) 
Hg(6)-S(9) 
Hg(6)-S(3) 
Hg(6)-S(4)#1 
Hg(6)-S(5)#2 
2.486(3) 
2.516(4) 126.5(1) 
2.640(4) 108.3(1) 104.5(1) 
2.667(3) 112.2(1) 103.3(1) 98.1(1) 
2.495(4) 
2.501(4) 132.8(1) 
2.656(4) 111.6(1) 104. 0 ( 1) 
2.748(4) 105.1(1) 103.0(1) 92.8(1) 
2.469(4) 
2.473(3) 125.7(1) 
2 . 6 4 3 ( 3) 118 . 8 ( 1) 105 .5(1) 
2.740(4) 95.0(1) 109.9(1) 97.0(1) 
Symmetry transformations: (#1) x-1/2,-y+ 1/2,z; (#2) x+ 112,-y+ 1/2,z 
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Am values as a function of the concentration ratio ([L4]/[Li+]) for the 
titration of Li+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Li+] Am (S cm2 mort) [L4]/[Li+] Am (S cm2 mort) 
0.00 167.41 1.70 164.58 
0.21 167.08 1.91 164.25 
0.42 166.71 2.12 163.89 
0.64 166.36 2.33 163.51 
0.85 166.04 2.55 163.17 
1.06 165.68 2.76 162.82 
1.27 165.24 2.97 162.49 
1.49 164.90 3.18 162.16 
Table 2 Am values as a function of concentration ratio ([L4]/[Na +]) for the titration 
ofNa+ cation (perchlorate as counter-ion) with L4 in MeCN at 298.15 K. 
[L4]/[Na+] Am (S cm2 mor1) [L4]/[Na+] Am (S cm2 mort) 
0.00 179.49 1.63 178.33 
0.20 179.46 1.84 178.11 
0.41 179.42 2.04 177.87 
0.61 179.24 2.24 177.64 
0.82 179.12 2.45 177.50 
1.02 178.87 2.65 177.14 
1.22 178.73 2.86 176.88 
1.43 178.52 3.06 176.64 
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Am values as a function of the concentration ratio ([L4]/[Mg2+]) for the 
titration of Mg2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Mg2+] Am (S cm2 mor1) [L4]/[Mg2+] Am (S cm2 mor1) 
0.00 
0.14 
0.28 
0.42 
0.56 
0.70 
0.84 
0.98 
1.12 
1.26 
1.40 
1.54 
Table 4 
296.20 1.68 244.17 
290.11 1.82 243.60 
283.16 1.96 243.27 
275.87 2.10 242.89 
268.20 2.24 242.50 
260.64 2.38 242.05 
253.70 2.52 241.70 
247.87 2.66 241.31 
245.77 2.80 240.92 
245.14 2.94 240.53 
244.81 3.08 240.13 
244.49 3.22 239.74 
Am values as a function of the concentration ratio ([L4]/[Ca2+]) for the 
titration of Ca2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Ca2+] Am (S cm2 mor1) [L4]/[Ca2+] Am (S cm2 mor1) 
0.00 331.69 1.48 276.08 
0.13 325.53 1.62 274.24 
0.27 319.13 1.75 272.66 
0.40 312.64 1.89 271.34 
0.54 306.50 2.02 269.47 
0.67 300.57 2.16 268.13 
0.81 295.02 2.29 267.38 
0.94 289.83 2.43 266.26 
1.08 285.29 2.56 265.26 
1.21 281.60 2.70 264.26 
1.35 278.60 2.83 263.29 
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Am values as a function of the concentration ratio ([L4]/[Sr2+]) for the 
titration of Sr2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Sr2+] Am (S cm2 mor1) [L4]/[Sr2+] Am (S cm2 mor1) 
0.00 
0.13 
0.26 
0.39 
0.52 
0.65 
0.78 
0.90 
1.03 
1.16 
1.29 
1.42 
Table 6 
335.20 1.55 310.42 
332.51 1.68 309.07 
329.82 1.81 307.83 
327.33 1.94 306.62 
324.93 2.07 305.52 
322.62 2.20 304.45 
320.57 2.33 303.47 
318.49 2.45 302.59 
316.66 2.58 301.66 
314.96 2.71 300.82 
313.32 2.84 300.00 
311.81 2.97 299.26 
Am values as a function of the concentration ratio ([L4]/[Ba2+]) for the 
titration of Ba2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Ba2+] Am (S cm2 mor1) [L4]/[Ba2+] Am (S cm2 mor1) 
0.00 337.43 1.60 320.28 
0.15 335.76 1.75 318.85 
0.29 334.13 1.89 317.36 
0.44 332.53 2.04 315.89 
0.58 330.03 2.18 314.54 
0.73 328.41 2.33 313.21 
0.87 327.73 2.47 311.82 
1.02 326.16 2.62 310.54 
1.16 324.72 2.76 309.19 
1.31 323.12 2.91 307.95 
1.45 321.73 3.06 306.64 
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Am values as a function of the concentration ratio ([L4]/[Pb2+]) for the 
titration of Pb2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4 ]/[Pb2+] Am (S cm2 mor1) [L4]/[Pb2+] Am (S cm2 mor1) 
0.00 
0.06 
0.13 
0.19 
0.25 
0.32 
0.38 
0.44 
0.51 
0.57 
0.63 
0.70 
0.76 
0.82 
0.89 
0.95 
1.01 
1.08 
1.14 
1.20 
Table 8 
331.73 1.27 290.58 
330.98 1.33 289.30 
328.24 1.39 288.18 
325.56 1.46 287.08 
322.83 1.52 285.98 
320.26 1.58 285.05 
317.65 1.65 284.12 
315.18 1.71 283.27 
312.77 1.77 282.43 
310.40 1.84 281.67 
308.07 1.90 280.91 
305.88 1.96 280.30 
303.81 2.03 279.63 
301.78 2.09 279.02 
299.94 2.15 278.43 
298.14 2.22 277.83 
296.44 2.28 277.31 
294.85 2.34 276.79 
293.35 2.41 276.27 
291.88 2.47 275.76 
Am values as a function of the concentration ratio ([L4]/[Zn2+]) for the 
titration of Zn2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Zn2+] Am (S cm2 mor1) [L4]/[Zn2+] Am (S cm2 mor1) 
0.00 322.78 1.45 284.46 
0.13 317.74 1.59 282.46 
0.26 313.04 1.72 280.59 
0.40 308.84 1.85 278.92 
0.53 304.91 1.98 277.28 
0.66 301.03 2.11 275.83 
0.79 297.49 2.25 273.60 
0.93 294.52 2.38 272.07 
1.06 291.74 2.51 270.92 
1.19 289.04 2.64 269.73 
1.32 286.68 2.78 268.69 
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Am values as a function of the concentration ratio ([L4]/[Hg2+]) for the 
titration of Hg2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Hg2+] Am (S cm2 mort) [L4 ]/[Hg2+] Am (S cm2 mort) 
0.00 
0.13 
0.26 
0.40 
0.53 
0.66 
0.79 
0.92 
1.05 
1.19 
1.32 
1.45 
Table 10 
367.30 1.58 347.60 
365.76 1.71 346.01 
363.79 1.85 344.34 
362.04 1.98 342.47 
360.14 2.11 340.75 
358.74 2.24 338.85 
357.24 2.37 337.10 
355.66 2.51 335.28 
354.16 2.64 333.39 
352.59 2.77 331.75 
350.89 2.90 330.05 
349.23 3.03 328.37 
Am values as a function of the concentration ratio ([L4]/[Co2+]) for the 
titration of Co2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Co2+] Am (S cm2 mort) [L4]/[Co2+] Am (S cm2 mort) 
0.00 338.10 1.19 328.09 
0.13 337.19 1.33 326.37 
0.27 336.07 1.46 325.21 
0.40 334.86 1.59 324.17 
0.53 333.78 1.72 323.05 
0.66 332.60 1.86 321.94 
0.80 331.44 1.99 320.85 
0.93 330.31 2.01 320.90 
1.06 329.19 
ｾ Ｍ ·- ｾ＠ . . 
Table 11 
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Am values as a function of the concentration ratio ([L4]/[Ne+]) for the 
titration of Ni2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Ne+1 Am (S cm2 mort) [L4 ]/[Ni2+] Am (S cm2 mort) 
Table 12 
0.00 321.56 1.62 311.83 
0.16 320.58 1.78 310.90 
0.32 319.62 1.95 309.97 
0.49 318.57 2.11 309.15 
0.65 317.64 2.27 308.16 
0.81 316.72 2.43 307.18 
0.97 315.72 2.60 306.21 
1.14 314.63 2.76 305.34 
1.30 313.75 2.92 304.48 
1.46 312.78 
Am values as a function of the concentration ratio ([L4]/[Cu2+]) for the 
titration of Cu2+ cation (perchlorate as counter-ion) with L4 in MeCN at 
298.15 K. 
[L4]/[Cu2+] Am (S cm2 mort) [L4]/[Cu2+] Am (S cm2 mort) 
0.00 367.24 1.31 328.80 
0.15 364.36 1.45 324.16 
0.29 360.52 1.60 320.05 
0.44 356.18 1.74 315.47 
0.58 351.80 1.89 311.09 
0.73 347.26 2.03 307.37 
0.87 342.83 2.18 303.88 
1.02 338.44 2.32 300.80 
1.16 333.42 2.47 297.73 
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Table 13 Am values as a function of the concentration ratio ([L4]/[Bf]) for the 
titration of bromide anion (tetra-n-butylammonium as counter-ion) with 
L4 in MeCN at 298.15 K. 
[L4]/[Br-] Am (S cm2 mort) [L4]/[Br-] Am (S cm2 mor1) 
0.00 
0.12 
0.25 
0.37 
0.49 
0.62 
0.74 
0.86 
0.99 
1.11 
Table 14 
157.00 1.23 161.48 
157.51 1.36 161.93 
157.94 1.48 162.37 
158.37 1.60 162.92 
158.79 1.73 163.21 
159.21 1.85 163.49 
159.67 1.97 163.76 
160.11 2.10 164.02 
160.55 2.22 164.27 
161.02 2.34 164.51 
Am values as a function of the concentration ratio ([L4]/[F-]) for the 
titration of fluoride anion (tetra-n-butylammonium as counter-ion) with L4 
in MeCN at 298.15 K. 
[L4]/[F-] Am (S cm2 mort) [L4]/[F-] Am (S cm2 mort) 
0.00 153.51 1.48 120.01 
0.13 149.21 1.62 119.47 
0.27 143.45 1.75 119.04 
0.40 138.39 1.89 118.71 
0.54 134.46 2.02 118.46 
0.67 130.50 2.16 118.31 
0.81 127.07 2.29 118.16 
0.94 124.74 2.43 118.15 
1.08 123.05 2.56 118.07 
1.21 121.74 2.70 118.05 
1.35 120.70 2.83 118.06 
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Table 15 
Table 16 
0.00 
0.15 
0.28 
0.41 
0.54 
0.68 
0.81 
0.94 
1.07 
1.20 
1.33 
. ·-- . --···-·· ·------:-----. 
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Am values as a function of the concentration ratio ([L4]/[H2P04-]) for the 
titration of H2P04- anion (tetra-n-butylammonium as counter-ion) with L4 
in MeCN at 298.15 K. 
169.59 
162.74 
157.38 
152.52 
148.38 
144.80 
141.77 
139.41 
137.34 
135.65 
134.25 
1.46 
1.59 
1.72 
1.86 
1.99 
2.12 
2.25 
2.38 
2.51 
2.64 
2.77 
133.03 
131.95 
131.04 
130.26 
129.57 
128.99 
128.50 
128.06 
127.70 
127.32 
127.02 
Am values as a function of the concentration ratio ([L4]/[HP2o/-]) for the 
titration of H02ol- anion (tetra-n-butylammonium as counter-ion) with 
L4 in MeCN at 298.15 K. 
[L4]/[ HP20/-] Am (S cm2 mor1) [L4]/[HP2o/-] Am (S ctn2 mor1) 
0.00 406.58 2.09 299.30 
0.12 399.84 2.22 295.33 
0.25 393.11 2.34 292.09 
0.49 379.85 2.46 289.24 
0.62 373.14 2.59 286.96 
0.86 360.02 2.71 284.88 
0.99 353.27 2.83 283.13 
1.11 346.40 2.96 281.34 
1.36 332.99 3.08 279.92 
1.48 326.56 3.20 278.65 
1.60 320.52 3.33 277.21 
1.73 314.65 3.45 276.77 
1.85 308.95 3.57 275.68 
1.97 303.83 3.70 274.76 
Table 17 Am values as a function of the concentration ratio ([L4]/[Br-]) for the 
titration of chloride anion (tetra-n-butylammonium as counter-ion) with 
L4 in DMF at 298.15 K. 
[L4]/[ Br-] Am (S cm2 mor1) [L4]/[ B{] Am (S cm2 mor1) 
Table 18 
0.00 72.01 1.55 74.15 
0.19 72.23 1.74 74.45 
0.39 72.47 1.94 74.66 
0.58 72.75 2.13 74.92 
0.77 73.05 2.32 75.17 
0.97 73.33 2.52 75.40 
1.16 73.61 2.71 75.64 
1.35 73.88 2.90 75.87 
Am values as a function of the concentration ratio ([L4]/[F-]) for the 
titration of fluoride anion (tetra-n-butylammonium as counter-ion) with L4 
in DMF at 298.15 K. 
[L4]/[ F-] Am (S cm2 mor1) [L4]/[ F-] Am (S cm2 mor1) 
0.00 58.57 1.56 50.23 
0.16 57.27 1.71 49.79 
0.31 56.12 1.87 49.39 
0.47 55.07 2.02 49.04 
0.62 54.14 2.18 48.72 
0.78 53.31 2.34 48.43 
0.93 52.55 2.49 48.14 
1.09 51.87 2.65 47.91 
1.25 51.27 2.80 47.69 
1.40 50.72 2.96 47.48 
I 
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,j 
Table 19 
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Am values as a function of the concentration ratio ([L4]/[H2Po4·]) for the 
titration of H2P04• anion (tetra-n-butylammonium as counter-ion) .with L4 
in DMF at 298.15 K. 
[L4 ]/[H2PO 4 ·1 Am (S cm2 mor1) [L4 ]/[H2P04 ·1 Am (S cm2 mor1) 
0.00 
0.12 
0.24 
0.36 
0.47 
0.59 
0.71 
0.83 
0.95 
1.07 
1.18 
1.30 
Table20 
37.35 1.42 32.48 
36.80 1.54 32.30 
36.18 1.66 32.16 
35.60 1.78 31.92 
35.08 1.89 31.80 
34.63 2.01 31.70 
34.19 2.13 31.61 
33.83 2.25 31 .54 
33.48 2.37 31.48 
33.19 2.49 31.34 
32.92 2.60 31.37 
32.69 2.72 31.10 
Am values as a function of the concentration ratio ([L4]/[HP2ol·n for the 
titration of HP2ol· anion (tetra-n-butylammonium as counter-ion) with L4 
in DMF at 298.15 K. 
[L4]/[HP2o/·] Am (S cm2 mor1} [L4 ]/[HP2ol·J Am (S cm2 mor1} 
0.00 147.97 2.17 121.75 
0.18 143.92 2.35 120.55 
0.36 141.03 2.53 119.43 
0.54 138.44 2.71 118.46 
0.72 136.00 2.89 117.52 
0.90 133.69 3.08 116.73 
1.09 131.54 3.26 115.99 
1.27 129.56 3.44 115.28 
1.45 127.72 3.62 114.68 
1.63 126.04 3.80 114.11 
1.81 124.48 3.98 113.54 
1.99 123.05 4.16 113.09 
